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TELEX: 542507 GTRC OCA ATL 
	
(40415946225 
February 3, 1986 
Mr. Crawford Jencks 
Projects Engineer, NCHRP 
Transportation Research Board 
2101 Constitution Avenue, NW 
Washington, D.C. 	20418 
Dear Crawford: 
Enclosed is the (1) Work Plan for NCHRP 10-33, including the Progress 
Schedule and (2) the first monthly report. I plan to use the Georgia , 
Tech cost sharing funds to help pay for the cost of completion the project. 
Cost sharing funds, however, are not shown on the Progress Schedule. 
This helps to explain why the expenditures shown on the Progress Schedule 
decrease significantly during the last portion of the project. 
I have sent under separate cover a loan copy of Dr. Zeevaert's 
thesis. I have just heard from him, and he will be able to make the 
revisions to the computer program. 
I feel the project has gotten off to a good start. Things have, 
however, been a little hectic trying to get both the administrative and 
technical portions of the project going at once. I have already received 
several interesting sets of long-term performance data from manufacturers, 
with.at least one or two known sets of data yet to be obtained. 
I will send justification for the selection of the analytical method 
to be used in the study to you within about a week. If you have any 
questions concerning the work plan and Progress Schedule, please discuss 
them with me. 
Sincerely, 
...1,115 • I.= •-•••• 	•••••■•• v.. • 	• -••• ••■•• 	•• 
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FIG. C—CONTRACT PERIOD 
NCH RP Project No. 
Funds Expended 	% 2 Time Expended % 4.8 
Contract Amount $ 100,000 Starting Date Jan. 6, 1986 
Expended this Month $ 	2304  Jan.  5, 1988 Completion Date 
Total Exp. To Date $  2304 
 Balance 	 $ 97,696 
Salaries and Wages Estimated This Month 
Salaries and Wages Spent This Month 
Accumulated Salaries and Wages To Date 
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 $  7304 
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TELEX: 542507 GTRC OCA ATL 
	
(404) e94•6225 
February 28, 1986 
Mr. Crawford Jencks 
Projects Engineer, NCHRP 
Transportation Research Board 
2101 Constitution Avenue, NW 
Washington, D.C. 20418 
Subject: Monthly Progress Report 
NCHRP 10-33 Project 
Dear Crawford: 
Enclosed are the (1) three copies of the monthly progress schedule, 
and (2) 20 copies of the justification for the analytical approach. 
Quite good technical progress has been made to date on the project. 
We, however, are having important problems in getting a response 
concerning the contract from Ms. Ann Fisher of NCHRP. Lack of a 
contract means that, up to the present time, I have not had any real 
funds to perform the project with. This has now become a serious 
problem which could result in the project getting behind schedule. 
I therefore would greatly appreciate your help in trying to obtain a 
response from Ms. Fisher concerning our contract. 
Sincerely, 
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SCHOOL OF 
CIVIL ENGINEERING 
Georgia Institute of Technology 
A UNIT OF THE UNIVERSITY SYSTEM OF GEORGIA 
ATLANTA, GEORGIA 30332 
TELEPHONE 
TELEX: 542507 GTRC OCA ATL 	 (404)8946225 
April 30, 1986 
Mr. Crawford Jencks 
Projects Engineer, NCHRP 
Transportation Research Board 
2101 Constitution Avenue, NW 
Washington, D.C. 	20418 
Subject: Monthly Progress Report 
NCHRP 10-33 Project 
Dear Crawford: 
Enclosed are three copies of the monthly progress schedule. 
Good technical progress has been made during April on the project. 
Sincerely, 
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Georgia Institute of Technology 
A UNIT OF THE UNIVERSITY SYSTEM OF GEORGIA 
ATLANTA, GEORGIA 30332 
SCHOOL OF 	 TELEPHONE 
CIVIL ENGINEERING 
	
TELEX: 542507 GTRC OCA ATL 	 (404)E394- 6225 
May 28, 1986 
Mr. Crawford Jencks 
Projects Engineer, NCHRP 
Transportation Research Board 
2101 Constitution Avenue, NW 
Washington, D.C. 	20418 
Subject: Monthly Progress Report 
NCHRP 10-33 Project 
Dear Crawford: 
Enclosed are three copies of the monthly progress schedule for 
May. We now have a contract with NCHRP, and are negotiating the 
subcontract with the University of Nottingham. I had a long 
discussion with Steve Brown concerning the experimental program last 
week and we have developed a tentative testing program. If you have 
any questions concerning the project please let me know. 
Sincerely, 
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TELEX: 542507 GTRC OCA ATL 	 (404) 8946 2 2 5 
August 4, 1986 
Mr. Crawford Jencks 
Projects Engineer, NCHRP 
Transportation Research Board 
2101 Constitution Avenue, NW 
Washington, D.C. 	20418 
Subject: 	Monthly Progress Report 
NCHRP 10-33 Project 
Dear Crawford: 
Enclosed are three copies of the monthly progress schedule for 
July. We now have completed the subcontract with the University of 
Nottingham, and things appear to be falling into place. If you have 
any questions concerning the project please let me know. 
Sincerely, 
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Georgia Institute of Technology 
A UNIT OF THE UNIVERSITY SYSTEM OF GEORGIA 
ATLANTA, GEORGIA 30332 
TELEPHONE 
TELEX: 542507 GTRC OCA ATL 	 (404)894. 6225 
August 27, 1986 
Mr. Crawford Jencks 
Projects Engineer, NCHRP 
Transportation Research Board 
2101 Constitution Avenue, NW 
Washington, D.C. 20418 
Subject: Monthly Progress Report 
NCHRP 10-33 Project 
Dear Crawford: 
Enclosed are three copies of the monthly progress schedule 
for August. I had a long meeting with Steve Brown in Ann Arbor 
this week, and I will send you the "revised" testing program for 
approval by the panel very soon. If you have any questions 
concerning the project please let me know. 
Sincerely, 
A 
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FIG. B—CONTRACT FUNDS 
Funds Expended 	%  41  
Contract Amount $ 109,000 
Expended this Month $ 	5,623  
Total Exp. To Date $  41.238  
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Salaries and Wages Estimated This Month 
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Accumulated Salaries and Wages To Date 
$  8,150 
$  5,023 
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Georgia Institute of Technology 
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CIVIL ENGINEERING 	 TELEX: 542507 GTRC OCA ATL 
	
(404) 894-6225 
December 1, 1986 
Mr. Crawford Jencks 
Projects Engineer, NCHRP 
Transportation Research Board 
2101 Constitution Avenue, NW 
Washington, D.C. 	20418 
Subject: 	Monthly Progress Report 
NCHRP 10-33 Project 
Dear Crawford: 
Enclosed are three copies of the monthly progress schedule 
for November. If you have any questions concerning the project 
please let me know. 
Sincerely, 
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NCHRP PROJECT 10-33 
POTENTIAL BENEFITS OF GEOSYNTHETICS IN 
FLEXIBLE PAVEMENT SYSTEMS 
INTRODUCTION 
Research Problem Statement  
Test results indicate that the tensile forces that can be developed in 
geotextiles and other geosynthetics, such as geomembranes and geogrids, 
hereinafter referred to collectively as geosynthetics, will increase the 
structural capacity and improve the performance potential of aggregate-surfaced 
roads placed over very weak subgrades (i.e., CBR less than 2). Techniques have 
been demonstrated whereby geosynthetics can be tensioned either by prestretching 
the geosynthetic or by loading and developing ruts in the geosynthetic-aggregate 
system, before placing additional (leveling) aggregate base. 
The applicability of geosynthetics to higher type pavement systems 
incorporating unbound granular pavement layer(s) with an asphalt surface 
(flexible pavement systems) needs to be studied to determine whether the 
structural capacity and performance potential can be improved. Although 
geosynthetics have been used to some extent in the unbound granular layers of 
higher type pavements, their behavior and influence on pavement performance are 
not well understood. Consequently, a number of questions must be answered 
before the feasibility of widespread use of geosynthetics in flexible pavement 
systems can be determined, for example: (1) What types of geosynthetics should 
be used and what properties of these geosynthetics must be specified? (2) Is 
prestressing geosynthetics necessary and practical? (3) Under what conditions 
do geosynthetics influence flexible pavement systems? (4) Can the benefits of 
geosynthetics be documented? 
Objective  
The objective of this study is to determine the feasibility of including 
geosynthetics on the subgrade or in the unbound layers to improve the 
performance of flexible pavement systems or to provide alternative designs for 
equal performance. 
SUMMARY OF PROGRESS 
Technical progress during the first quarter on Project NCHRP 10-33 has been 
excellent. The work plan has been submitted for review. Also, Task 1 has been 
completed which involved selecting an analytical model for use in a sensitivity 
study of geosynthetic reinforced pavements. A report was submitted earlier 
describing the results of Task 1. 
The GAPPS7 program which was selected under Task 1, has been checked out, 
and set up for production runs. Validation of the GAPPS7 finite program has 
also been carried out. Material properties have been selected, finite element 
meshes generated, and preliminary results have started to be obtained concerning 
the benefits of geosynthetic reinforcement of granular bases. 
The preliminary finite element GAPPS7 results indicate that probably no 
benefits will be obtained for asphalt concrete surface thicknesses greater than 
3 in. This tentative finding is in agreement with the results observed by 
Penner et al. (1985) in model tests. For thinner surfacings the geosynthetic 
may nave to undergo relative large deformations before any important beneficial 
effects are observed for at least conventional geosynthetic reinforcing systems 
where prestressing has not been employed. The performance of pavements having 
relatively thin asphalt concrete surfacings will be studied in detail during the 
next quarter. 
Contract Negotiations. A serious problem currently exists since 
negotiations on the contract have not been completed. Absence of a contract in 
the near future will undoubtedly slow down progress on the project. 
The Georgia Institute of Technology is still waiting for a formal response 
involving contract negotiations to a letter sent to NCHRP on January 14, 1986. 
Because of the absence of a contract, it has not been possible to spend to date 
"real" money for items such as student research assistants, computer time and 
materials and supplies. Also, the Georgia Institute of Technology has not been 
able to proceed with subcontract negotiations with the University of Nottingham 
or with the project consultants. 
DEVELOPMENT OF THE ANALYTICAL MODEL 
Finite Element Analysis  
As discussed in the work plan, finite element analyses will be performed 
for a wide range of variables. Development of subgrade rutting is considered 
important in mobilizing resisting forces in the geosynthetic. As discussed in 
the work plan, two different series of analytical analyses will be performed. 
Series 1. For the first series the analytical study will consist of 
applying a single load application to granular base pavements with and 
without geosynthetic reinforcement. This phase of the study will 
include investigating a large number of variables that may influence 
the performance of a geosynthetic reinforced pavement. 
Plasticity parameters corresponding to 100 load repetitions (N) 
are being used for Phase 1. The use of the plasticity parameters 
corresponding to N=100 is considered a reasonable compromise between 
allowing rutting to occur under a single load application, and 
obtaining tensile strains in the bottom of the asphalt concrete that 
are reasonably representative of the initial elastic condition. 
Initial elastic tensile strain is usually used to predict fatigue 
behavior of the asphalt concrete surfacing. 
Based on primary analytical results, some computer runs will also 
be made in which plasticity characteristics corresponding to N=100,000 
will also be applied in a single load application. 
Series 2. The Series 2 analytical study will consist of applying 
several load repetitions to the pavement so that permanent deformation 
and residual stresses can be accumulated in a manner which 
approximates that occurring in the field. Probably the equivalent of 
N=100,000 repetitions (or perhaps more) will be applied in three or 
four loading cycles. Only the most promising conditions identified 
under the Series 1 study will be investigated more thoroughly in this 
phase because of the large amount of computer time required for cyclic 
load application. 
A typical grid used in the finite element analysis is shown in Figure 1. 
This general type grid is presently being used with eight node, isoparametric 
elements. The grid shown is for a pavement with a one inch thick asphalt 
concrete surfacing and the geosynthetic placed within the granular base. 
Equivalent Single Wheel Load  
A supplemental investigation was performed to determine an appropriate 
single wheel load that could be used to replace a dual wheel loading in the 
nonlinear finite element analyses. This trial and error study was performed 
using a modified version of the Chevron 5-layer program (Greene, 1986). 
The results of this study, which are summarized in Table 1, indicate a 
single wheel load of 8000 lbs applied at a pressure of 120 psi over a radius of 
4.6 in. gives a satisfactory approximation of a 4500 lb dual wheel load at a 
tire pressure of 110 psi (radius = 3.6 in). Thus the equivalent single wheel 
loading will be used in the finite element study since a dual wheel loading is 
not permitted in the GAPPS7 program. 
Geosynthetic Properties  
The material properties of geosynthetics vary greatly depending upon 
composition, manufacturing process and the weight per unit area of material used. 
For performing a finite element analysis using a geosynthetic as the reinforcing 
element, the following material properties are of importance: 
1. Load-strain response (analogous to the stress-strain response 
of conventional materials). Load is usually expressed as pounds per 
linear inch of the material. 
Symmetrical 
4.6 in. 














Figure 1. Typical grid used in Finite Element Analysis 
Table 1. Comparison of Tensile Strain in Asphalt Concrete and Vertical 
Subgrade Stress For Dual and Single Wheel Loadings - Asphalt Concrete 
Modulus of 650,000 psi (1) 









Ebase 	21,000 psi 
Esubgrade = 3000 psi 
Ebase = 49,000 psi 
Esubgrade = 7000 psi 
Dual (2) 	Single (3) Dual (2)  	Single (3) 
1 6 619 613 213 175 
(13.4) (17:3) (14:6) (19.0) 
3 6 497 552 302 338 
(7.1) (7.5) (8.7) (9.6) 
3 10 423 483 259 296 
(4.8) (4.8) (5.6) (5.7) 
3 16 389 445 241 276 
(2.9) (2.8) (3.2 ) (3.1) 
Notes: 1. The top number of calculated response is maximum tensile strain in the 
bottom of the asphalt concrete (times 10 6 ), and the number in parentheses 
is maximum vertical subgrade stress in psi. 
2. Dual wheel loading: P = 4500 lbs, r = 3.6 in, p = 110 psi. 
3; Single wheel loading: P = 8000 lbs, r = 4.6 in, p = - 120 psi. 
2. Ultimate strength of the geosynthetic which is usually also expressed 
as pounds per inch. 
3. Strength at the interface between the geosynthetic and the granular 
base course material located above, and the subgrade material located 
below the geosynthetic. 
Present plans are to consider typical "generic" geosynthetic material 
properties and not relate these properties, in the NCHRP report, to any specific 
manufacturer's products. Because of differences in test methods, variation of 
properties in the warp and fill directions, and wide variations in product lines 
direct comparisons of various geosynthetics would be hard to reliably accomplish. 
Also, the identification of specific manufacturers would undoubtedly generate 
considerable unfavorable response from them. 
Figure 2 shows the load-strain curves selected for use in this study. The 
low stiffness/strength curve shown is similar to Geotex 44-612 which is a 
polypropylene tape fabric having a weight of 3.2 oz/yd 2 . The moderate 
stiffness/strength curve shown is similar to Exxon GTF 200 which is a woven 
polyester fabric weighing 4.6 oz/yd 2 . The moderate stiffness curve is also 
similar to Mirafi 500X or Tensar SS-1. The high stiffness/strength load-
deformation curve is similar to Tensar SR-1 polyethelyne geogrid. This high 
stiffness curve is also quite similar to Keviar 181. 
Higher and lower stiffness curves than those shown in iigure 2 will also be 
used as necessary to thoroughly study the reinforcement of granular bases. 
Preliminary results indicate the load carried by the geosynthetic in a typical 
low deformation pavement application will be less than about 50 ib/in and often 
less than 20 lb/in, at least initially. 
Bonding. Three levels of bonding between the geosynthetic and adjacent 

















Figure 2. Geosynthetic Load-strain properties used in the 
Finite Element Study 
1. Full bond between the geosynthetic and the granular base and 
cohesive subgrade. 
2. A high level of bond between the geosynthetic and the granular 
base and cohesive subgrade as follows: 
Base: ca = 4 psi and b = 25° 
Subgrade: c a = 0.8 c and o = 9° 
where ca is the adhesion and d the angle of friction between the 
geosynthetic and adjacent material. The cohesion of a cohesive 
subgrade is represented by c. 
3. Low level of bond: 
Base: ca = 2 psi and o = 22° 
Subgrade:' ca = 0.3c and o = 9° 
The above values of bonding were determined from the results of a large number 
of tests performed on a wide range of geosynthetics. 
Subgrade Material Properties  
The elastic subgrade properties selected for use in the nonlinear finite 
element analyses are shown in Figure 3. The nominal elastic moduli at the break 
point (Figure 3) for the poor, fair and excellent conditions considered are 2000 
psi, 5000 psi and 10,000 psi, respectively. 
Plastic Subgrade Properties. The tensile load carried by the geosynthetic and 
hence its effectiveness as a reinforcing element will become greater as the 
permanent deformation in the subgrade increases. Further, subgrade permanent 
deformation will become larger with increasing numbers of load repetition. 
Permanent deformation will also become greater for weaker subgrades. Therefore, 
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Figure 3. Resilient Moduli For Subgrade Used in Finite Element Analysis 




















poor subgrades having unsoaked CBR values in the range of 0.9 to 2.1 (Table 2). 
The range in subgrade strength selected approximately corresponds to a firm to 
stiff subgrade. Subgrades having higher or lower strengths will of course be 
investigated later if the analytical results indicate additional useful 
performance data might be obtained. 
The plastic soil characteristics will be used corresponding to a low 
compressibility clay subgrade which classifies as a CL soil by the Unified Soil 
Classification System (Scharz, 1981). The ASTM D-698 maximum dry density of 
this clay is 118.2 pcf at an optimum water content of 12.7%. Plastic soil 
properties used corresponded to the conditions given in Table 2. 
The plasticity characteristics were developed using a repeated load 
triaxial testing apparatus. The tests were performed employing a constant 
confining pressure of 5 psi and a dynamic axial stress pulse duration of 0.2 sec 
at 20 cpm. The relationship was developed between deviator-stress, 01 - 03, and 
the plasticity parameter H' for 100 and 100,000 load repetitions. The 
plasticity parameter H' is defined as the derivative of the deviator stress with 
respect to plastic strain for a given number of load repetitions. 
Base Course Properties  
The elastic properties of the granular base course was selected using the 
summary of constants describing ranges in resilient moduli tabulated by Shook et 
al. (1982). The resilient moduli constants that describe the elastic response 
for a poor and excellent granular base were estimated by taking the average of 
the low and high extremes given in Table 5 of Shook et al. (1982). The 
resilient moduli constants for a good base were taken as the average of the 
extreme values for the poor and excellent materials. 
The elastic material properties found by this procedure, slightly smoothed 
out, are as follows: 
Table 2. Characteristics of Subgrade Soil Used to Model the Pasticity Behavior 
Unconsolidated- 
% of Max. 	Moisture 	Undrained Shear 
Dry Density 	Dry Density Content Strength Unsoaked Consis- 
Subgrade (pcf) 	D-698 	(%) (psi) CBR tency 
Poor 102.4-104.1 	86.6-88.1 	22.2-22.9 4.6 0.9 Firm 
Fair 104.9-106.2 	88.7-89.8 	19.3-20.4 6.7 1.5 Firm 
Good Extrapolated from test results for shear 
strength of 3.3, 4.6 and 6.7 psi 
8.5 2.1 Stiff 
Poor Base: Er = 2500 u0 . 5 
	
(la) 
Good Base: Er = 5000 J3.6 
	
(l b) 




Er = resilient modulus of elasticity (psi) 
u = bulk stress, ul + u2 + u3 (psi) 
Plastic Base Properties. Plastic properties for excellent, fair and poor 
granular bases were developed for 100 and 100,000 load repetitions from repeated 
load triaxial test results described by Barksdale (1972). The crushed stone 
base material modeled was a crushed granite gneiss compacted to 100% of AASHTO 
T- 180 maximum dry density. The excellent base has 3% fines, the fair base 
11.25% fines and the poor base 22% fines. Relationships were developed for 
deviator stress, ul - u3, as a function of the plasticity parameter H'. The 
parameter H' is the derivative of deviator stress with respect to the permanent 
strain in the specimen. Relationships were found for confining pressures of 
both 3 and 5 psi. 
Asphalt Concrete Modulus  
A sensitivity study was performed to determine a representative value of 
the modulus of elasticity of the asphalt concrete to use in the finite element 
analysis. The sensitivity study considered vehicle speed, asphalt concrete 
temperature and mix design variables. A geosynthetic would demonstrate a higher 
level of reinforcement for lower stiffnesses of the asphalt concrete. Therefore 
asphalt concrete stiffnesses were selected which were realistic but perhaps 
slightly on the low side. 
Both frequency of loading and the temperature of the asphalt concrete have 
a very important effect on the asphalt concrete modulus. A vehicle speed of 40 
mph was selected for estimation of the asphalt concrete modulus. This vehicle 
speed corresponds to a loading frequency of approximately 36 hertz for asphalt 
concrete surface thicknesses of about 2 to 4 in. (Barksdale, 1971). For 
comparison, moduli for a vehicle speed of 20 mph (18 hertz) were also used in 
the sensitivity study to establish possible variations in moduli. 
A mean annual air temperature of 60°F was selected as being representative. 
This is the average of the three air temperatures given by Shook et al. (1982). 
A mean annual air temperature of 60°F corresponds to an asphalt concrete 
temperature of about 82°F, for surface thicknesses of about 2 to 4 inches, based -
on the work of Ngowtrakul (1976). For comparison, in Georgia the average annual 
asphalt concrete temperature for similar thicknesses is about 89°F and the mean 
annual air temperature approximately 65°F. To consider the effect of elevated 
temperatures during warm summer months, a temperature of 90°F was also included 
in the sensitivity study. 
In the sensitivity study an initial absolute viscosity of 2.5 million 
poises was used for the asphalt cement. This viscosity corresponds to an AC-20 
asphalt cement which would be used in the warmer regions. In the development of 
the ninth (1981) edition of The Asphalt Institute Thickness Design Manual 
(MS-1), Shook et al. (1982) used for an asphalt concrete surface mix 4% air 
voids and an aggregate having 5% percent passing the No. 200 sieve. These 
values were considered as typical and also chosen for this study. 
Results of the sensitivity study are given in Table 3, with values of the 
variables used also summarized in the table. For the design conditions selected 
(Mix 1, Table 3), an asphalt concrete modulus of 654,000 psi was estimated using 
a modified version of the equations for stiffness prediction developed by 
Witczak; a value of 650,000 psi is therefore being used in most of the 
analytical study. Also shown in the table are the asphalt concrete moduli for a 
range of conditions including a vehicle speed of 20 mph and an asphalt concrete 
Table 3. Variation of Dynamic Asphalt Concrete Modulus of 
Elasticity as a Function of Selected Variables 
MIX DESIGNATION 
Property 	1 	2 	3 	4 	5 	6 	7 	8 
P200 	 5 	5 	5 	5 	8 	8 	8 	8 
4 	4 	6 	6 	6 	6 
Viscosity 	2.5 	2.5 	2.5 	2.5 	2.5 	2.5 	2.5 	2.5 
(10 6 Poises) 
f(h3) 	 36 	36 	18 	18 	36 	36 	18 	18 
T(OF) 	 82 	90 	82 	90 	82 	90 	82 	90 
AC% 	 5.5 	5.5 	5.5 	5.5 	6.5 	6.5 	6.5 	6.5 
Opt AC% 	5.5 	5.5 	5.5 	5.5 	6.5 	6.5 	6.5 	6.5 
EAC 	 654 	465 	584 	346 	540 	373 	410 	267 
(x103) psi 
Notes: 1. P200 = % aggregate passing the No. 200 sieve; V v = volume of 
voids; f = frequency of load application (hertz); Average 
temperature of A.C.; frequency and pavement temperature for 
3 in. A.C. thickness. 
temperature of 90°F. These results indicate a reasonable lower bound of the 
asphalt concrete modulus is about 300,000 psi which will also be used in a 
supplementary finite element study. 
WORK PLANNED FOR NEXT QUARTER 
A significant portion of Task 2, the analytical sensitivity study of the 
effect of geosynthetic reinforcement, should be completed next quarter. Work to 
be performed will hopefully include implementation of provisions for 
prestressing the geosynthetic (this portion of the project could be held up 
because of the absence of funds caused by not having a contract). Also, 
potential test sections will be developed and submitted for approval. Work will 
also be initiated to study from the literature the long term properties of 
geosynthetics and costs associated with prestressing a geosynthetic. 
Some preliminary work may be begun on Task 3, which involves performing the 
laboratory pavement evaluation tests at the University of Nottingham. Contract 
negotiations cannot, however, be carried out with the University of Nottingham 
until Georgia Tech has signed a contract with the NCHRP. Therefore a serious 
question presently exists as to whether. Task 3 will be started during the second 
quarter. 
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NCHRP PROJECT 10-33 
POTENTIAL BENEFITS OF GEOSYNTHETICS IN 
FLEXIBLE PAVEMENT SYSTEMS 
INTRODUCTION 
Research Problem Statement  
Test results indicate that the tensile forces that can be developed in 
geotextiles and other geosynthetics, such as geomembranes and geogrids, 
hereinafter referred to collectively as geosynthetics, will increase the 
structural capacity and improve the performance potential of aggregate-surfaced 
roads placed over very weak subgrades (i.e., CBR less than 2)„. Techniques have 
been demonstrated whereby geosynthetics can be tensioned either by prestretching 
the geosynthetic or by loading and developing ruts in the geosynthetic-aggregate 
system, before placing additional (leveling) aggregate base. 
The applicability of geosynthetics to higher type pavement systems 
incorporating unbound granular pavement layer(s) with an asphalt surface 
(flexible pavement systems) needs to be studied to determine whether the 
structural capacity and performance potential can be improved. Although 
geosynthetics have been used to some extent in the unbound granular layers of 
higher type pavements, their behavior and influence on pavement performance are 
not well understood. Consequently, a number of questions must be answered 
before the feasibility of widespread use of geosynthetics in flexible pavement 
systems can be determined, for example: (1) What types of geosynthetics should 
be used and what properties of these geosynthetics must be specified? (2) Is 
prestressing geosynthetics necessary and practical? (3) Under what conditions 
do geosynthetics influence flexible pavement systems? (4) Can the benefits of 
geosynthetics be documented? 
Objective  
The objective of this study is to determine the feasibility of including 
geosynthetics on the subgrade or in the unbound layers to improve the 
performance of flexible pavement systems or to provide alternative designs for 
equal performance. 
SUMMARY OF PROGRESS 
Task 2 - Sensitivity Study  
Technical Progress during the second quarter has been only fair. To 
efficiently perform the analytical sensitivity study, a detailed bank of data 
was prepared and stored in the computer. This data includes both material 
properties and finite element grids. About 50 nonlinear computer runs were made 
to study the sensitivity of the various parameters on pavement performance. 
Unfortunately, a problem involving the numerical curve fitting of the plasticity 
properties of the base and subgrade was recently discovered after the runs had 
been made. Therefore, to provide reliable sensitivity study results, this work 
is presently being re-run. This temporary set-back accounts for only reporting 
fair progress during this quarter. 
Also as a part of Task 2, the initial work for adding the ability to 
consider the effectiveness of prestressing the geosynthetic to the GAPPS7 
program has been completed by Dr. Zeevaert. These additions are presently being 
added to the program, and will be carefully checked out during the next quarter. 
Modifications will then be made if found to be necessary, and the sensitivity 
study performed. 
A study was conducted concerning the practical aspects associated with 
prestressing a geosynthetic reinforcing element. To have the potential for an 
important improvement in performance, the geosynthetic should be prestressed in 
at least the direction transverse to that of vehicle movement. Also, 
prestressing would be most likely to be carried out where the subgrade soil is 
soft. For conditions where a soft subgrade exists, anchorage of the 
geosynthetic becomes a serious problem. For example consider a soft subgrade 
having an undrained shear strength of about 500 psf. Wood stakes 2 in. by 2 in. 
by 3 ft. in length having a spacing of about 1.5 ft to 2.0 ft would be required 
to hold a light prestress load of only about 20 lbs/in (240 lbs/ft). The cost 
to apply this light level of prestress, by an experienced contractor, would 
probably be slightly greater than the cost of geosynthetic itself. Thus the 
practicality of applying even a light prestress is questionable where a soft 
subgrade is present. This is particularly true considering that about one-half 
of the initial prestress will be lost quite quickly due to stress relaxation 
within the geosynthetic. 
Task 3 - Laboratory Study  
Some preliminary work was begun during the past quarter on Task 3 which 
involves the laboratory testing of large-scale pavement models. In particular 
work was begun on the design, construction and calibration of miniature 
diaphragm pressure cells and Bison-type inductance strain coils. 
Task 4 - Engineering Feasibility  
Some work was also begun on obtaining from the literature long term 
durability properties of geosynthetics. Work on Task 4 was to begin, according 
to the Progress Schedule, in July. 
Contract Negotiation and Project Staff. 
The contract negotiations were finally completed with the NCHRP and a 
completed contract obtained at the end of April. The signed contract thus made 
it possible to hire, in late May, two undergraduate student assistants to assist 
in performing the sensitivity study. Mr. Bill Orr, a graduate research 
assistant, has been working on the project since September of 1985. 
Negotiations involving the subcontract with the University of Nottingham 
are presently underway, and hopefully will be completed in the early part of 
July. 
WORK PLANNED FOR NEXT QUARTER 
The sensitivity study, Task 2, will be essentially completed during the 
next quarter. This work should progress reasonably fast since all of the 
pertinent material properties and grids are in a data bank. The prestress 
additions to the GAPPS7 program should be completed, and most of this portion of 
the sensitivity study completed. 
A detailed work plan for the experimental program, Task 3, will be 
developed and submitted for approval. Actual construction of test sections 
under Task 3 should begin at the University of Nottingham during the latter part 
of the next quarter or else the first of the following quarter. 
Work on Task 4, the engineering feasibility of using geosynthetics within 
granular bases, will be continued involving the long-term durability aspects of 
geosynthetics and also separation aspects. 
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NCHRP PROJECT 10-33 
POTENTIAL BENEFITS OF GEOSYNTHETICS IN 
FLEXIBLE PAVEMENT SYSTEMS 
INTRODUCTION 
Research Problem Statement 
Test results indicate that the tensile forces that can be developed in 
geotextiles and other geosynthetics, such as geomembranes and geogrids, 
hereinafter referred to collectively as geosynthetics, will increase the 
structural capacity and improve the performance potential of aggregate-
surfaced roads placed over very weak subgrades (i.e., CBR less than 2). 
Techniques have been demonstrated whereby geosynthetics can be tensioned 
either by prestretching the geosynthetic or by loading and developing ruts 
in the geosynthetic-aggregate system, before placing additional (leveling) 
aggregate base. 
. The applicability of geosynthetics to higher type pavement systems 
incorporating unbound granular pavement layer(s) with an asphalt surface 
(flexible pavement systems) needs to be studied to determine whether the 
structural capacity and performance potential can be improved. Although 
geosynthetics have been used to some extent in the unbound granular layers 
of higher type pavements, their behavior and influence on pavement 
performance are not well understood. Consequently, a number of questions 
must be answered before the feasibility of widespread use of geosynthetics 
in flexible pavement systems can be determined, for example: (1) What types 
of geosynthetics should be used and what properties of these geosynthetics 
must be specified? (2) Is prestressing geosynthetics necessary and 
practical? 	(3) Under what conditions do geosynthetics influence flexible 
pavement systems? (4) Can the benefits of geosynthetics be documented? 
Objective 
The objective of this study is to determine the feasibility of includ-
ing geosynthetics on the subgrade or in the unbound layers to improve the 
performance of flexible pavement systems or to provide alternative designs 
for equal performance. 
SUMMARY OF PROGRESS 
Task 1 - Complete 
Task 2 - Sensitivity Study 
Technical progress during this quarter has, in general, been quite 
good. Computer runs involving the main parameters being studied have been 
performed. Computer output data is presently being tabulated and analyzed. 
Also, a supplementary sensitivity study was performed during the quarter 
using elastic material properties, and the results put into tabular and 
graphical form. 
The prestress option was added to the GAPPS7 computer program, and 
trial runs are presently underway. Also, the study involving slack in the 
geosynthetic was begun. In specific, the development of models of the 
modified geosynthetic force-strain curves that include the effect of slack 
by curve fitting techniques was undertaken. 
Task 3 - Laboratory Experimental Study 
During this quarter an emphasis was placed upon developing the experi-
mental plan and preparing the Nottingham Test Facility for conducting the 
tests. The experimental work was closely coordinated between Georgia Tech 
and The University of Nottingham. One meeting (in Ann Arbor, Michigan) was 
held between Prof. Barksdale and Prof. Brown to develop an optimal experi-
mental plan. Also, several telephone conversations concerning the 
experiments were held with Prof. Brown, Mr. Brodrick and Mr. Dawson of 
Nottingham. 
As a result, a detailed experimental plan for the laboratory testing 
phase of the study was developed and submitted to NCHRP for approval. This 
experimental plan includes a description of both the planned test section 
and also instrumentation, materials, and construction aspects. 
A summary of the laboratory progress made during the past quarter is 
given in Appendix A. All instruments for the pavement tests have been 
constructed and calibration tests are almost complete. In addition, Mr. 
F.W.K. Chan, who is well-qualified, has been hired as a full-time research 
assistant to work on the project. Experimental work should therefore 
progress quite well during the next quarter. 
Task 4 - Engineering Feasibility 
Work was continued on collecting published and unpublished information 
on the long-term geosynthetic properties and also on separation and erosion 
aspects. Some of the unpublished information collected includes the 
following: 
1. Exposure tests up to about 62 weeks duration on 
selected geotextiles performed by Phillips Fibers 
Corporation. 
2. Burial tests conducted by the National Research 
Council of Canada to 2.8 years duration (one test 
to 4.3 years) on selected geotextiles. 
3. Chemical resistance tests performed by Hoechst on 
Trevira. 
4. Results of the Loudenville and Salem, Ohio tests 
conducted by Conrail on selected geotextiles placed 
under railroad tracks. 
5. A summary of test data on polymer grids supplied by 
the Tensar Corp. 
If any of the panel is aware of additional unpublished data relating to the 
project, please inform Prof. Barksdale. 
WORK PLANNED FOR NEXT QUARTER 
The sensitivity study, Task 2, should be completed during this quarter 
and the results tabulated. Under Task 3, the first experimental section 
should be constructed and tested during the quarter, provided NCHRP approval 
to proceed is obtained in the near future. Work on Task 4, engineering 
feasibility of using geosynthetics within granular bases, will be continued. 
During this quarter a more intensive study will be begun of available 
information on durability and separation as applied to geosynthetics used 
within granular bases of pavements. 
Finally, a trip is tentatively planned by Prof. Barksdale to the 
University of Nottingham to coordinate the experimental program. The trip 
will probably be conducted toward the latter part of the quarter during 
construction of the first experimental section. Prior approval will be 
obtained from NCHRP before making this trip. 
APPENDIX A 
I. Introduction  




 of the project and indicates the programme for the second quarter. 
The University of Nottingham contribution to the work includes sub-tasks 3b 
to 3d inclusive. It should be noted that in the original proposal and in 
the Georgia Institute of Technology contract document, two sub-tasks have 
been numbered 3b, viz., "Insitu Instrumentation" and "Large Scale 
Laboratory Testing". To avoid confusion in this and subsequent reports, 
these two sub-tasks will be identified as 3b(i) and 3b(ii) respectively. 
Progress to date on each of the four sub-tasks is reviewed below. 
2. Sub-task 3b(i): Insitu Instrumentation  
Figs. 1 and 2 show the layout of instrumentation for each pavement test 
section. It incorporates the following items: 
(a) 2 No. earth pressure cells to measure vertical stress in the subgrade 
below formation level. 
(b) 11 No. inductance strain coils to measure the vertical elastic and 
permanent strain profile through the pavement at two locations. 
(c) 2 No. inductance strain coils to maintain horizontal strain at the 
base of the asphalt surfacing. 
(d) 3 No. inductance strain coils to determine the strain in the 
geosynthetic. 
(e) 3 copper constantan thermocouples to monitor pavement temperature at 
various depths. 
Calibration tests on the earth pressure cells have provided data of the 
(1) The subcontract with the University of Nottingham did not officially 
begin until May 1986. Preliminary work was, however, begun before 
this time. 
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type shown in Fig. 3 for their use in the silty-clay soil which will form 
the subgrade to the test sections. This data indicates little confining 
stress effect and a cell calibration of 0.83 i.e., the true stress is 83% 
of that indicated by the cell. 
Calibration of the strain coils in pairs is carried out on a bench system 
with a micrometer-and indications to date are that the insitu response is 
almost identical. Significant improvements to the electronic control 
system for these instruments have been recently developed in conjunction 
with the University's Electronics Workshop under guidance from Professor 
E.T. Selig of the University of Massachusetts at Amherst, who has been at 
Nottingham on sabbatical leave. 
All instruments for the pavement 	tests have been manufactured and 
calibration tests are in progress. 
3. Sub-task 3b(ii): Large Scale Laboratory Tests  
Planning for these tests is complete and the first installation is to be 
constructed shortly. A detailed review of other work has been carried out 
and the results from initial computational studies at Georgia Tech under 
Task 2 used to assist in defining the required experiments. Details of the 
various installations have been submitted to NCHRP for approval. 
In principal, each construction in the Pavement Test Facility will 
incorporate three test sections each having a 1 in. asphaltic concrete 
surfacing over a 6 in. gravel base on the silty clay (Keuper Marl) subgrade 
(see Fig. 1). One of the three sections will be the control, while a 
geosynthetic will be incorporated in each of the others. 
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Fig. 3. Typical pressure cell calibration 
in silty clay. 
Pavement loading will involve repeated passages of a 1.5 ton wheel having 
an inflation pressure of 100 psi. Testing will continue to 100,000 passes 
or earlier failure of the sections. 
4. Sub-task 3c: Materials evaluation and laboratory tests  
Preliminary characterization tests on the soil have been completed and 
details are given in Table 1. Samples of candidate materials for the 
gravel base have been obtained for testing. The Specification for this 
material is shown in Table 2. 
5. Sub-task 3d: Data reduction and analysis  
The only data available to date is from experimental work conducted 
elsewhere and in an earlier project at Nottingham. This has been reviewed 
and detailed reports submitted to Georgia Tech. (1). This material formed 
the background to a paper submitted to the Transportation Research Board 
for review in August 1986 (2). 
6. Programme for Second Quarter  
(a) Completion of sub-task 3b(i). 
(b) Completion of first set of four pavement test sections. 
(c) Completion of preliminary materials testing program sufficient to 
allow progress on (b). 
(d) Preliminary reduction of data from (b). 
The Research Assistant hired to work on this project, Mr. F.W.K. Chan, took up 
his appointment on 5th September and will be engaged full-time on the research 
as it enters the second 3 month period. Mr. Chan has a First Class Honours 
degree in Civil engineering from King's College London and an M.Sc. from the 











Percentage by weight retained 
on No. 200 sieve (0.2 mm) 
	
52% 
B.S. compaction test: 
Maximum dry density 
	
1880 kg/m3 
Optimum moisture content 
	
15.2% 




Metric 	 Imperial 
75 mm 	 3 inch 
	
100 
37.5 mm 	 1.5 i.nch 
	
85-100 
10.0 mm 	 3/8 inch 
	
45-100 
5.0 mm 	 No. 4 
	
25-85 
600 micron 	 No. 35 
	
8-45 
75 micron 	 No. 200 
	
0-10 
Note: The material passing a 425 micron sieve will have a plasticity 
index of less than 6. 
University of California, Berkeley. 	He has just completed three years 
experience in geotechnical engineering practice in the United States. 
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NCHRP PROJECT 10-33 
POTENTIAL BENEFITS OF GEOSYNTHETICS IN 
FLEXIBLE PAVEMENT SYSTEMS 
INTRODUCTION 
Research Problem Statement  
Test results indicate that the tensile forces that can be developed in 
geotextiles and other geosynthetics, such as geomembranes and geogrids, 
hereinafter referred to collectively as geosynthetics, will increase the 
structural capacity and improve the performance potential of aggregate-
surfaced roads placed over very weak subgrades (i.e., CBR less than 2). 
Techniques have been demonstrated whereby geosynthetics can be tensioned 
either by prestretching the geosynthetic or by loading and developing ruts 
in the geosynthetic-aggregate system, before placing additional (leveling) 
aggregate base. 
The applicability of geosynthetics to higher type pavement systems 
incorporating unbound granular pavement layer(s) with an asphalt surface 
(flexible pavement systems) needs to be studied to determine whether the 
structural capacity and performance potential can be improved. Although 
geosynthetics have been used to some extent in the unbound granular layers 
of higher type pavements, their behavior and influence on pavement 
performance are not well understood. Consequently, a number of questions 
must be answered before the feasibility of widespread use of geosynthetics 
in flexible pavement systems can be determined, for example: (1) What types 
of geosynthetics should be used and what properties of these geosynthetics 
must be specified? (2) Is prestressing geosynthetics necessary and 
practical? 	(3) Under what conditions do geosynthetics influence flexible 
pavement systems? (4) Can the benefits of geosynthetics be documented? 
Objective 
The objective of this study is to determine the feasibility of includ-
ing geosynthetics on the subgrade or in the unbound layers to improve the 
performance of flexible pavement systems or to provide alternative designs 
for equal performance. 
SUMMARY OF PROGRESS 
Task 1 - Selected Analytical Models - Complete 
Task 2 - Sensitivity Study 
Technical progress during this quarter has been good. A number of 
computer runs have now been completed for the following two general 
conditions: (1) The aggregate within the granular layer can fail at a 
stress state corresponding to the angle of internal friction of the material 
and (2) The aggregate within the granular layer cannot fail. These studies 
have shown that a number of factors are very important in determining the 
correct stress within and below an unstabilized granular base including (1) 
residual compaction stresses, (2) the mean stress within the granular layer, 
(3) the shear stress within the granular layer, and (4) the possibility of 
failure occurring within the layer. The program presently considers all 
factors except the effect of shear stress within the granular layer. This 
important effect will be incorporated within the program and a final series 
of runs performed during the next quarter. Because of the important effect 
the reinforcing element potentially has on the behavior of the granular 
layer, it is felt the best possible model should be developed and used, even 
though this will prolong the completion of this task. It is felt at long 
last, a good understanding of the mechanics involved in granular layer 
behavior is finally being developed. 
The prestress portion of the program has now been checked out, and is 
working fine. Also, the methodology for handling slack has been finalized, 
and all material properties developed and checked out by computer plotting. 
Final runs will not be performed, however, until the change in the granular 
base model just described has been incorporated in the program during the 
next quarter. 
Task 3 - Laboratory Experimental Study 
During this quarter the experimental plan was revised, and a response 
developed to the questions raised by the panel. The revised testing program 
was developed after a meeting in Atlanta between Crawford Jencks and Richard 
Barksdale. The revised testing program has now been submitted to the NCHRP 
for distribution to the panel. 
The first test section consists of a 1 in. asphalt concrete surfacing, 
6 in. gravel base and the underlying subgrade. This tst series consists of 
a control section and two sections reinforced with a stiff woven polypropy-
lene (Nicolon) geosynthetic having a stiffness S g of about 4000 lbs/in. The 
two reinforced sections will have the same stiff woven geosynthetic located 
at the interface between the subgrade and the gravel base. One section, 
however, will be prerutted before the asphalt concrete is placed. 
The sections in this test series have been constructed to the top of 
the base, and prerutting is underway. A problem, however, was encountered 
during prerutting. During the first attempt, even though surface ruts about 
1 in. deep developed, observable rutting (as indicated by the Bison coils) 
apparently did not occur in the subgrade. Several changes have now been 
made in the prerutting technique, and additional attempts at prerutting the 
subgrade are now underway. 
The prerutting of the section was begun while Richard Barksdale was at 
the University of Nottingham during his December 7 to 10 visit. Based on 
available results to date, it appears that the gravel base, which is gap-
graded, was shearing and probably also undergoing some additional densifi-
cation. 	Perhaps it was performing more like a sand than a gravel. It may 
therefore be necessary to change the base to a crushed stone in future 
experiments to avoid this prerutting problem, although it is not certain at 
this time. 
Task 4 - Engineering Feasibility 
Work was continued on collecting published and unpublished information 
on the long-term geosynthetic properties and also on separation and erosion 
aspects. Most of these references have now been studied, and a general 
framework for an engineering feasibility is being laid out. 
WORK PLANNED FOR NEXT QUARTER 
During the next quarter the computer program will be modified for the 
sensitivity study, Task 2, to include the effects of deviator stress on the 
unstabilized granular layer. Final runs will be made and tabulated using 
the final version of the finite element computer model including the effects 
of slack and prestressing. Under Task 3, testing of the first experimental 
sections should be complete in the early part of January. A new section 
should also be constructed and tested during this quarter. It may also be 
possible to begin construction of the third test series during the latter 
part of March. Work on Task 4, the engineering feasibility of using 
geosynthetics within granular bases, will also continue. Emphasis on this 
phase of the project will begin to shift from the collection and studying of 
references and unpublished materials to an interpretation and synthesis of 
this material. 
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NCHRP PROJECT 10-33 
POTENTIAL BENEFITS OF GEOSYNTHETICS IN 
FLEXIBLE PAVEMENT SYSTEMS 
INTRODUCTION 
Research Problem Statement  
Test results indicate that the tensile forces that can be developed in 
geotextiles and other geosynthetics, such as geomembranes and geogrids, 
hereinafter referred to collectively as geosynthetics, will increase the 
structural capacity and improve the performance potential of aggregate-
surfaced roads placed over very weak subgrades (i.e., CBR less than 2). 
Techniques have been demonstrated whereby geosynthetics can be tensioned 
either by prestretching the geosynthetic or by loading and developing ruts 
in the geosynthetic-aggregate system, before placing additional (leveling) 
aggregate base. 
The applicability of geosynthetics to higher type pavement systems 
incorporating unbound granular pavement layer(s) with an asphalt surface 
(flexible pavement systems) needs to be studied to determine whether the 
structural capacity and performance potential can be improved. Although 
geosynthetics have been used to some extent in the unbound granular layers 
of higher type pavements, their behavior and influence on pavement 
performance are not well understood. Consequently, a number of questions 
must be answered before the feasibility of widespread use of geosynthetics 
in flexible pavement systems can be determined, for example: (1) What types 
of geosynthetics should be used and what properties of these geosynthetics 
must be specified? (2) Is prestressing geosynthetics necessary and 
practical? 	(3) Under what conditions do geosynthetics influence flexible 
pavement systems? (4) Can the benefits of geosynthetics be documented? 
Obi ective 
The objective of this study is to determine the feasibility of includ-
ing geosynthetics on the subgrade or in the unbound layers to improve the 
performance of flexible pavement systems or to provide alternative designs 
for equal performance. 
SUMMARY OF PROGRESS 
Task 1 - Selected Analytical Models - Complete 
Task 2 - Sensitivity Study 
Technical progress on this task during the quarter has been good. As 
discussed in the last quarterly progress report, work was performed during 
the past quarter to change the constitutive equations used for 
characterizing the granular base to include the effects of shear stress. 
Steady progress was made in this respect, but changing the program and 
properly checking it out is taking longer than anticipated. 
The constitutive type model suggested by Uzan [1] (1) to characterize 
the granular base has now been incorporated into the program, carefully 
checked, and computer runs have been made. Also, work is presently underway 
to incorporate the advanced contour model of Brown and Pappin [2] as very 
recently modified by Jouve, et al. [3]. 
The findings obtained from these state-of-the-art models for the 
granular base will be used as a check on the extensive theoretical results 
already obtained using the commonly used Ka en type model. The Koon equation 
models the variation of the resilient modulus of the granular base with 
(1) The numbers in brackets refer to references given at the end of 
the main portion of the Progress Report, just before the appendices. 
principal stresses, but does not include the effects of shear stress (or 
deivator stress). Also, the contour model considers the variation of 
Poisson's ratio with stress state. 
Selected results obtained using the Ko en type model to represent the 
granular base are summarized in Appendix A. These and other results are in 
general agreement with those found using elastic analyses described in the 
Transportation Research Board paper sent earlier to the panel. In summary, 
for reasonably well constructed pavements, which includes the lower quality 
pavements analyzed in the study, deflections, stresses and strains are 
generally reduced due to reinforcement by less than 10 percent, and often 
less than 5 percent for deflections 0.5 in. or less. 
As the overall strength of the pavement increases, the beneficial 
effect of the geosynthetic reinforcement decreases. An increase in pavement 
strength would include higher material quality and/or greater thicknesses of 
asphalt surfacing or stone base. For geosynthetic stiffnesses (S g ) between 
1600 and 6000 lbs./in., the use of high stiffness results in greater 
improvement in pavement response. The best location for the geosynthetic 
placement appears to be at or near the bottom of the granular base. 
Geosynthetic reinforcement of the base results in reductions up to 
about 8 to 10 percent in the tensile strain in the bottom of the asphalt 
concrete. Because fatigue life is quite sensitive to tensile strain in the 
asphalt, the reduction in strain could lead to moderately important 
increases in fatigue life. 
Task 3 - Laboratory Experimental Study 
During this quarter the first test series was completed. The first 
test series consisted of a 1 in. bituminous surface and 6 in. gravel base 
constructed over a soft, silty clay subgrade. This test series consisted of 
a control section, and two sections reinforced with a stiff woven 
polyproylene (Nicolon) geosynthetic. The geosynthetic has a stiffness S g  of 
about 4000 lbs./in., and was located at the interface between the base and 
subgrade. One geosynthetic reinforced section was prerutted before testing. 
In the prerutted section, the ruts in the base were filled with gravel 
before the surfacing was placed. 
Some of the details of the first test series are given in Appendix B 
together with a preliminary summary of the results. For the conditions of 
the test, the ranking of test section performance from best to worst is as 
follows: (1) geosynthetic reinforced non-prerutted, (2) geosynthetic 
reinforced-prerutted, and (3) nonreinforced, control section. Rutting in 
the reinforced, non-prerutted section was about one-half of that in the 
nonreinforced section. 
Proposed Changes to Testing Program. The test, however, was terminated 
after only 1718 load repetitions due to excessive rutting. The sections 
tested in the first test series were all very weak, and are probably not 
representative of usual pavement construction. Therefore, to develop a 
stronger section and more useful results for the next test series, the 
following changes are proposed: 
1. Increase the thickness of the bituminous surfacing from 
1.0 to 1.5 in. 
2. Use a crushed stone rather than the gravel base used in 
the first test series. 
3. Increase the granular base thickness from 6 to 8 in. 
4. The prerutted, reinforced section did not perform as well 
as the non-prerutted, reinforced section. Also, because 
of the existance of a very weak section in the first test 
series, some question exists as to how these results 
would translate to stronger pavement sections. Therefore 
it is felt that the second test series should use Tensar 
SS-1 for both the prerutted and non-prerutted sections. 
The revised December 17, 1986 test plan called for 
prerutting the SS-1 and comparing its performance with 
a stronger, non-prerutted SS-2 geogrid reinforced 
section. 
It is felt that these changes to the test program will greatly enhance 
the value of the results. The pavement geometry and crushed stone base 
material would be used for the remaining two test series. 
Another problem was also encountered during the tests. The large 
rutting which occurred in the non-reinforced section caused problems in 
maintaining a constant wheel loading as the wheel moved from one end of the 
pavement to the other. The electronic feedback control system is presently 
being worked on so as to minimize this problem in future tests. Also, the 
proposed stronger section should not undergo rutting so quickly, which also 
will significantly reduce the problem of maintaining a constant wheel 
loading. 
Task 4 - Engineering Feasibility 
During the past quarter attention was also given to the separation and 
durability aspects of the use of geosynthetics in pavements. This work is 
progressing smoothly. These findings are presently being translated into 
the current state-of-the-art including engineering practice aspects. 
WORK PLANNED FOR NEXT QUARTER 
During the next quarter the final computer runs for the sensitivity 
study should be made under Task 2. These runs are being delayed on purpose 
until the most recent state-of-the-art constitutive modeling of the granular 
base has been incorporated into the program. Under Task 3, the second test 
series will be completed. Hopefully, construction of the third test series 
will be begun before the end of the quarter. Work on Task 4, the 
engineering feasibility of using geosynthetics within granular bases, will 
also continue. The work will consist of developing performance mechanisms, 
and in interpreting and synthesizing the separation, durability and drainage 
aspects of using geosynthetics within granular bases. 
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Appendix A 
Summary of Selected Preliminary Theoretical Results 
Preliminary Summary of Test Results 
Description of Model Pavement 
The axisymmetric finite element mesh used to model the pavement is illustrated in Figure 6-1. 
It is composed of 55 elements and 186 nodes for the model with the geosynthetic interface, and 45 
elements and 164 nodes for the model without the interface. The mesh without the interface was 
used as a control to determine the effectiveness of the gebsynthetic reinforcement. Figure 6-2 and 
6-3 illustrate the element and node numbering system used for the mesh for both models. 
The three different pavement geometries or sections studied were as follows: 
Series 1: Asphalt 1", Base 6", Subgrade 99" 
Series 2: Asphalt 1", Base 10", Subgrade 95" 
Series 3: Asphalt 2", Base 6", Subgrade 98" 
For each series the total pavement depth was kept constant. 
A uniformly distributed vertical load of 120 psi was applied to the pavement in 8 load 
increments of 15 psi each. The radius of load was 4.6 in. This load was designed to simulate that 
of a dual wheel load with a standard 18K truck axle. For the computations the total body weight 
stresses were first calculated, and then the tire load was applied to the system. 
Three geosynthetic reinforcing materials were investigated. The "good" geosynthetic had an 
approximate stiffness or initial tangential elastic modulus of S g = 6100 lbs./in; the "fair" geosynthetic 
had a stiffness Sg = 1900 lbs./in; and the "poor" geosynthetic, a stiffness S 0 = 833 lbs.in. 
Material Properties 
To simplify the analysis the properties of the asphalt surfacing were not varied, and the 
asphalt was not permitted to fail. The base material properties were defined as either "poor" or 
"good". These were arbitrary definitions of relative quality and strength of the granular base, and 
simply designate a stronger and a weaker base material. A small value of cohesion was assigned to 
the base material to account, indirectly, for residual compaction stresses and allow the model to 
take the load better. 
Figure 6-1. Typical Finite Element Mesh Used to Model Pavement in 
Study. 
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Figure 6-2, Index to Node and Element Numbering for Finite Element Mesh 
with Geosynthetic Interface (Not to Scale) 
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Figure 6-3. Index to Node and Element Numbering for Finite Element Mesh 
without Geosynthetic Interface (Not to Scale) 
The subgrade materials studied were designated as either "poor", "fair", or "good" and were 
modeled after a soft fire clay. Again these were arbitrary definitions and only serve as guide to 
relative strength. The values of subgrade cohesion for each of the designations given above were c 
= 4.6 psi, c = 6.7 psi, and c = 8.5 psi, respectively. 
The plasticity parameters, H, for all the granular base and subgrade materials were selected to 
produce permanent deformations on the order of 0.25 to 0.5 in. 
Description of Study 
Eleven series of runs were made in this particular study to compare the effects of the 
reinforcing geosynthetic. Each of the series included a control run (an unreinforced pavement 
section) which was used for comparison. From one to three runs with the same geometry and 
material properties, and only varying in the strength of the geosynthetic reinforcement, were made 
in each series. A listing of the different series performed is presented In Table 6-1. Refer to this 
table as the results of the various series are presented. 
Theoretical Results 
The results of the study are presented for each series in a tabular and graphic form. Graphic 
presentations are made of surface and subgrade deflection, radial strain at the bottom of the asphalt 
layer, vertical and radial strain in the base and subgrade, radial and vertical stress along a 
horizontal plane Just above the base-subgrade interface, and radial and vertical stress along a 
horizontal plane in the subgrade just below the interface. 
Refer to Figure 6-2 and 6-3 for node and element locations, and to Table 2-1 for the material 
properties and geometries for each of the runs. The sign convention used in the study assigns 
tension a positive value (+), and compression a negative (-) value. Vertical deflection downward is 
negative (-), and upward positive (+). 
A summary of the surface and subgrade deflections for the control (unreinforced sections) runs 
is presented in Figure 6-4a, and for the strain at the bottom center line of the asphalt in Figure 6- 
Table 6-1 Summary of Pavement Se.ctions_Studied 
Series 1  : AC Thickness = I" Base Thignes = 6' N = 100 Repetitions E Ac=650,000 psi 
Series 5ase 
, 
5.11tor_asit, Geosynthetic Location in Base 
1-3 Poor Poor None n/a 
1-1 Poor Poor Fair @Bottom 
1-2 Poor Poor Good @Bottom 
1-7 Poor Good None n/a 
1-6 Poor Good Fair @Bottom 
1-5 Good Good None n/a 
1-8 Good  Good Good t 	
@Bottom 
Series 2  : AC Thickness = 1" Base Thirties = 10" N '4 100 Repetitions EAc=650,000 osi 
1 att.= 5.15.e .grade  eosyn+hetic I ocatinn in  Pl., 
Poor Poor None n/a 
Poor Poor Poor @Bottom 
C
4  Poor Poor Fair @Bottom 
Poor Poor Good @Botom 
2-7 Poor Fair None n/a 
2-5 Poor Fair Poor @Bottom 
2-6 Poor Fair Fair @Bottom 























Good Poor None n/a 
Good Poor Poor @Bottom 
Good Poor Fair OBottom 
Good . 	Poor Good @Bottom 
2-12 Good Fair None n/a 
• 2-11 Good Fair Fair @Bottom 
Table 6-1 Summary of Pavement Sections Studied (cont)  
5eries3  : AC Thickness = 2" ease Thicies = 6" N = 100 Repetitions EAc=650,000 Psi 
ariez 5.11,2 512grade  Oeasynthatic  Locatjon in 5ne  
3-3 Poor Poor None n/a 
3-1 Poor Poor Fair OBottom 
3-2 Poor Poor Good °Bottom 
. _ 
3-5 Poor Fair None n/a 
3-4 Poor . Fair Fair ("Bottom 










Good Poor None n/a 
Good Poor Fair OBottom 
3-9 Good Fair None n/a 
3 -8 Good Fair Fair inottorn 
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3-3 
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Figure 6-4a.Surface and Subgrade Deflections of Control Runs During Loading. 
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Figure 6-4b.Radial Strain at the Bottom Center Line Element of Asphalt 
Layer for Control Runs During Loading and Unloading. 
4b. These are presented to illustrate and compare the effects of the various pavement geometries 
and material properties In each of the study series. 
Significant results will be presented and discussed Individually for each series of runs. In 
general the following results were observed. 
The maximum reduction in surface and subgrade deflection occurred in Series 1-3 (refer to 
Table 6-1 and 6-2), an under designed 1 in. thick asphalt pavement over a 6 in. "poor" granular base 
placed and a "poor" subgrade. This occurred with the use of the "fair" geosynthetic. Results with 
the "good" geosynthetic indicated increased vertical strain in the subgrade compared with the case of 
the "fair" and control (no geosynthetic) case. 
The amount of reinforcing action of the geosynthetic (as measured against the force developed 
in the geosynthetic) was related to the amount of vertical deflection that occurred In the system. 
Figure 6-5 illustrates the variation in maximum geosynthetic force with the center line deflection at 
the base-subgrade Interface. 
The "poor" geosynthetic developed a maximum force of 9.1 lbs/in in Run 2-1 (Tables 6-1 and 6-
5), reducing the total deflection at the surface by 1.2 percent. The "poor" geosynthetic was least 
effective in reducing surface deflection in Run 2-8 (Tables 6-1 and 6-7). The "poor" geosynthetic in 
Run 2-8 reduced the surface deflection by 0.16 percent and developed a force of 6.8 lbs/in. 
Similarly for the "fair" geosynthetic, the maximum reduction in surface deflection was 6.5 
percent with a force of 33.7 lbs/in in Run 1-1 (refer to Tables 6-1 and 6-2). The minimum occurred 
in Run 2-11 (Tables 6-1 and 6-8), with a reduction of only 0.7 percent and a force. of 6.8 lbs/in. 
When the "good" geosynthetic was used the maximum force of 78.5 lbs/in developed for Run 1-
2. This condition appeared, to have caused a failure of the base to the point that much greater 
deflections were imminent. Figure 6-6 graphically illustrates the extent of failure in the base. As 
Figure 6-6 indicates a possible failure wedge had developed in the base. GAPPS7 could not bring 
the forces in the finite element model to come to equilibrium, so the program stopped at this point 
(refer to "Results Series 1-3). 
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Figure 6-6. Failure Condition in Base, Run 1-2. 
by the "good" geosynthetic was 5.6 percent, with a force of 33.1 lbs/in in Run 2-13 (ppor base and 
fair subgrade properties). The minimum reduction occurred in Run 2-14 (good base and subgrade 
properties), with a net reduction of surface deflection of only 0.9 percent, and a force developed of 
18.7 lbs/in. 
The effects of the geosynthetic in reducing the amount of strain at the bottomof the asphalt 
layer generally followed the results summarized above for the vertical deflection. The maximum 
reduction in radial strain in the asphalt layer as a percent of the control run for the "poor" 
geosynthetic occurred in Run 2-1, with a reduction of 3 percent over the series control (Run 2-4). 
For the case of the "fair" geosynthetic, Run 1-1 indicated a reduction in strain of 11.1 percent over 
the series control (Run 1-3). 
The maximum reduction in strain in the asphalt for the "good" geosynthetic was 16.2 percent in 
Run 1-2. However as noted earlier, this run could not be brought to equilibrium during the final 
increment of load. Discounting this run, Run 2-3 with a reduction of 11.1 percent over the control 
Run 2-4, indicated the best performance of the "good" geosynthetic in reducing strain at the bottom 
of the asphalt layer. In this case the results do not follow the results indicated in reduction of 
vertical deflection. 
As seen above, the relative effect of the geosynthetic reinforcement decreased as the material 
properties for the base and subgrade were improved. When the base and subgrade properties were 
both relatively strong the effects of the reinforcement were almost negligible. 
The results of these series are summarized in Tables 6-2 through 6-12, given at the end of this 
section. Refer once again to Table 6-1 for the geometry and material properties used for each run. 
Summary 
Table 6-13 summarizes the results of this portion of the study. The surface deflection and 
asphalt strain of the pavement at the top center line and bottom of the asphalt layer, respectively, 
is tabulated for all the study series. The percent reduction of the geosynthetic reinforced section 
over the control (unreinforced section) is given. 
Table 6-13 Summary of Surface Deflection & Asphalt Strain 
Series 1  : AC Thickness = 1" Base Thidnes = 6" N = 100 Repetitions EAr =650 000 si 
Series  ease Subaude Geosynthetic Surfare 3_211 Asp hal t Ped 
DeflectionCinl I Strainfx10 -3 )2 
1-3 Poor Poor None -.4602 1 
1-1 Poor Poor Fair -.4302 -6.52 3.547 -1 1.13 
1-2 Poor Poor Good -.4345 -5.58 3.344 -16.21 
1-7 Poor Good None -.1910 2.002 
1-6 Poor Good Fair . 	-.1853 -2.98 1.893 -5.44 
1-5 Good Good None -.1255 .9443 
1-8 Good Good Good -.1208 -3.75 .8435 -10.57 	., 
■ 
Series 1  : AC Thickness = 1" Base Thianes = 10" N = 100 Repetitions E ,- = 
... 
'4;er:ea  ease Slagmag Geosynthetic Surface EL Red , Asonalt ',V-erl 
Defleaion(inl
. 
 ' °, 1..rir (. ,(10 -3 ) 2 
Poor Poor . None -.2656 2.008 
Poor Poor Poor -.2624 -1.20 1.948 -2.59 
C
,1 
CNI  Poor Poor Fair -.2595 -2.30 1.913 -4.73 
Poor Poor Good -.2520 -5.12 1.786 -11.06 
2-7 Poor Fair None -.1859 1.598 
2-5 Poor Fair Poor -.1842 -0.91 1.566 0 
0
 
2-6 Poor Fair Fair -.1818 -2.21 1.535 






















Good Poor None -.1233 .3956 
Good Poor Poor -.1231 -0.16 .3916 -1.01 
Good Poor Fair -.1225 -0.41 .3863 -2.35 
Good Poor Good -.1222 -0.89 .3710 -6.22 
2-12 Good Fair None -.0873 .3595 
2-11 Good Fair Fair -.0367 -0.69 .3492 -2.69 
..A 
Table 6-13 Summary of Surface Deflection 8, Asphalt Strain(cont.)  
SpriAc 1  : AC Thickness = 2" Base Thices = 6" N = 100 Repetitions E Ac=650,000 psi 
S eries 5aqe aub.guie Geosynthet ic Surface  
Deflection(irt) 1 
a..ileSt. 	I Asphalt 
Strairt(xl 0 -3 1 2 
:Reel 
3-3 Poor Poor None -.1989 1.534 
3-1 Poor Poor Fair -.1974 -0.75 1.512 -1.43 
3-2 Poor Poor Good -.1966 -1.16 1.495 -2.54 
3-5 Poor Fair None -.1403 1.341 
3-4 Poor Fair Fair -.1385 -1.28 1.316 -1.86 
3-10 Poor Fair Good -.1359 -3.14 1.27E3 -4.70 
3-7 Good Poor None -.1454 1.108 
3-6 Good Poor Fair -.1445 -0.62 1.087 -1.90 




 3-8 Good Fair Fair -.1050 -1.04 .9910 
Note 1: Surface Deflection at Node 176 for Mesh With Interface or Node 154 for Mesh Without Interface 
Note 2: Radial Asphalt Strain at Elem. 41 for Mesh With Interface or Elem. 31 for Mesh Without Interface 
The maximum percent reduction in surface deflection observed was 6.5 percent in Series 1-3 
when the "fair" geosynthetic was used. The "good" geosynthetic in this series induced an unstable 
system that the finite element program could not bring to equilibrium. This was apparently due to 
extensive failure of the base caused by the stress redistribution that occurred with the geosynthetic 
reinforcement. The behavior of the asphalt strain most often follows the trend noted for the 
surface deflection (refer to Table 6-13). 
As the strength of the pavement increased, the effectiveness of the geosynthetic reinforcement 
decreased. The effectiveness was interpreted as the resulting reduction in deflection or strain as a 
percent of the corresponding values for the unreinforced section. Series 2-10 results indicated that 
when the quality of the base material was improved, the greatest reduction in the effectiveness of 
reinforcement was observed. 
When the quality of the subgrade is improved, a reduction in effectiveness of geosynthetic 
reinforcement is also noted during loading. However, the degree is about one order of magnitude 
less, compared to the results of improving the base quality. This Is best seen comparing Series 2-7 
results with Series 2-4 in Table 6-13. 

































































-.3406 2.521 - -18.43 9.366 
_ 
+2.742 9.379 12.31 n/3 














































































-Did Not Unload  
Did Not Unload-----q------- 
r 
, ----- 
Note 1: Larger Node or Element Number Corresponds to Mesh with Interface. See Figures 6-2 and 6-3. 
Note 2: Stress Subgrade-Base Interface for Run Without Interface Obtained by Plotting. 
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Note 1: Larger Node or Element Number Corresponds to 
Mesh with Interface, See Figures t-2 an 
Note 2: Stress co Subgrade-Base Interface for Run Without Interface Obtained by Plotting. 

































176 or 52 41or31 1 16 11 11 31or21 1  31or21 1 26or16 1 (Strain) 
154 1 x10 -3 psi. x10 -3 x10 -3 x10 -3 xT0 -3 x10 -3 x10 -3 
1-5 
Load -.1255 -.1176 0.9443 -11.102 -6.307 2.988 -1.195 3.945 4.774 n/a 
(n/a) 
Un- 
Load -.0705 -.0939 0.0351 --- -5.161 2.580 +5.033 1.954 3.402 n/a 
(n/a) 
1-8 
Load -.1208 -.1124 .8435 -11.11 -5.683 2.727 -1.286 3.452 4.000 35.57 
(4.265) 
: 
Ped. -3.75 -4.42 -10.67 +0.092 -Q89 -8.73 +7.62 -12.50 -16.21 
Un- 
re) 
Load -.0597 -.0638 -.2802 -4.228 1201 +5.019 2.270 30.49 - 
(3 2691 
Red. -15.32 -10.76 n/a 3 -18.08 -14.69 -0.28 -33.27 
Note 1: Larger Node or Element Number Corresponds to Mesh with Interface, See Figures 6-2 and 6-3. 
Note 2: Stress @ Subgrade-Base Interface for Run Without Interface Obtained by Plotting. 
Note 3 :Indicates Compressive Strain 0 Bottom of Asphalt on Unloading of Finite Eiement Model. 































-6.143 	3.273 	+1.335 	3.850 	2.947 
-25.11 	-23.56 -29.18 	-8.72 	-48.89 

















































-7.502 -.2656 2.003 -10.94 5.125 -3.350 6.035 7.300 n/a 
(n/a) Un-
Load -.1585 .6629 -8.563 4.282 +1.885 4.218 5.766 n/a 
(n/a) 2-1 
Load -.2524 -.2242 1.948 -7.144 -10.38 4.911 -3.567 5.392 6.777 
-4.802 -1.20 -1.84 -2.99 -5.12 -4.18 +6.48 -2.37 -7.16 
-.1555 -.1670 .6114 -8.034 4.082 +1.729 4.054 5.251 
-1.89 -2.22 -7.77 -6.18 -4.67 -8.28 -3.89 -8.93 
-.2595 -.2203 1.913 -7.727 -9.830 4.692 -3. 599 5.896 6.133 !7.'37 
;6 7.9 1 
Red. +3.032 -2.30 -3.55 -4.73 -10.15 -8.45 +10.42 -2.30 -15.99 
.5939 
.4.590 	15.35 
S 413 )  
-4.16 
-.2110 1.786 -8.420 4.067 -3.973 5.633 
Red. 	-5.12 +22.532 -7.62 -11.06 -23.03 -20.64 +13.60 -5.75 -33.10 
Un- 




Note 1 Larger Node or Element Number Corresponds to Mesh with Interface, See Figures 6-2 and 6-3. Note 2 Stress 	Subgrade-Base Interface for Run Without Interface Obtained by Plotting. 
Table 6-6 Results of Series 2-7: I "AC- 10" Poor Base-Fair Subcz 	  ad2 
Run 	Surface Subgrade Radial AC VertSubgr VertSubgr RadISubgr Vert.Base Radf.Base Radr.13a35Gecsy 
No. Def(in) 	Def(in) 	Strain 	Stress 	Strain 	Strain 	Strain 	Strain 	Strain 	Force 
Node Node Element Element 	Element 	Element 	Element 	Element 	Element 	Lb ./in 
176 or 	52 	41or311 	16 	11 	11 	31or2 I 1 	31or211 	26or161 (Strain) 
1541 x10-3 osi. x10-3 	x10-3 	x10-3 x10-3 	x10-3 	xici-3 
2-7 
Load 	-.1859 	-.1485 	1.598 	-9.952 	-7.642 	3.511 	-3.504 	5.054 	3.821 	n/a 
(n/a) 
Un- 
load 	-.1047 	-.1139 	.2474 	- 	-6.026 	3.045 	1.494 	3.322 	3.666 	n/a 
.. 	 , 	 (r:/a 1 
2-5 
Load 	-.1842 	-.1464 	1.566 	-7.684 	-7.374 	3.515 	-3.554 	4.922 	4.805 	6.340 
(5.863) 
% 
Red. 	-0.91 	-1.41 	-2.00 	-22.772 	-3.51 	-2.66 	+1.43 	-2.61 	+25.75 
Un- 
Load 	-.1025 	-.1117 	.2100 	- 	-5.787 	2.949 	+1531 	3.160 	3.410 	5.995 
(4.850) 






_ Load 	-.1818 	-.1436 	1.535 	-8.419 	-7.068 	3.366 	-3.599 	4.872 	4.355 
0 ,.. 
Red. 	-2.21 	-3.30 	-3.94 	-15.392 	-7.51 	-623 	+2.71 	-3.60 	+13.95 
Un- 
Load 	-.0997 	-.1093 	.0175 	- 	-5.495 	2.831 	+1.527 	3.094 	2.940 	12.23 
0 
(4.295) 
Red. 	-4.78 	-4.04 	-92.93 	 -6.81 	-7.03 	+2.21 	-6.56 	H9.80 
2-13 
Load 	-.1752 	-.1361 	1.466 	-9.833 	-6.286 	3.072 	-3.863 	4.538 	3.499 	33.11 
0 (3.8501 
Red 	-5.76 	-8.35 	-8.26 	-1.182 	-17.74 	-14.93 	+4.54 	-10.21 	-8.45 
Un- 
Load 	-.0930 	-.1011 	-.0082 	- 	-4.721 	2.525 	+1.500 	2.748 	2.125 	26.58 
2.311) 
Red. 	-11.17 	-11.24 	.n/a3 	, ---- 	-21.66 	.-17.08 	-0.40 	-17.28 	-42.03 
" vote Larger Node or Element Number Corresponds to Mesh with interlace, See Figures cs-2 ana 
Note 2: Stress 	Subgrade-Base Interface for Run Without interface Obtained by Plotting. 





















-.1233 -.1143 .3956 -3.958 1.727 -.6962 1.998 2.600 n/a 
(n/a) Un-
Load -.93803 -.0132 -.0538 - 1.398 .8028 +4.512 1.064 
-.1231 -.1139 .3916 5.463 - 3.897 -.7238 1.969 2.515 3.549 
(3.009) 
-0.16 -14.642 -0.35 - 1.54 -3.95 - 1.45 -3.27 
Un-
Load -.0115 - .0523 -1.006 - 1.272 .7630 +4.522 .9542 2.385 
(1.595) 
-12.55 
-9.01 -4.96 -0.22 -21.63 
-.1134 .3863 -5.626 -3.826 1.692 -.7548 1.932 2.425 
2.776) 
-0.41 -0.79 - 1 2.092 -2.35 -3.34 -2.03 -3.30 -6.69 
Un-
Load -.0110 -.0519 -1.013 -1.208 .7429 +4.507 .1054 .8763 4.745 
(1.343) 
- 15.67 - 13.59 -7.46 -0.11 -44.11 -17.64 




-0.89 -1.75 -9.362 -6.22 -8.84 -6.37 +21.06 -9.11 -17.50 
Un-
Load -.0095 -.0503 - 1.071 -.9607 4.429 -.0140 .5690 10.07 
(.7519) 
-28.03 -6.51 +31.28 	+18 . 80 -92.58 -46.52 Note 1: Larger Node or Element Number Corresponds to flesh with Interface. See Figures 5 -2 and 6 -3. Note 2: Stress 0 Subarade-Base Interface for Run Without Interface Obtained by Plotting. Note 3: Indicates Compressive Strain (3) Bottom of Asphalt on Unloading of Finite Element Model. 










Red 	-36.36 -1.49 	+1.153 
Run 	Surface Subgrade Radial AC 
No. Def(in) Def(in) 	Strain 
Node 	Node Element 
176 or 52 	41or31 1 
154 1 	 x10 -3 
2-12 



























































( I 499) 
-4.49 -0.09 n/a -14.00 
Note 1: Larger Node or Element Number Corresponds to Mesh with Interface, See Figures 6-2 and 6-3. 
Note 2: Stress * Subgrade-Base Interface for Run Without Interface 
Obtained by Plotting. Note 3: indicates Compressive Strain 0 
Bottom of Asphalt on Unloading of Finite Element Model. 





















































Load -.1989 -.1870 1.534 -530 2 -7.613 3.588 -1.866 3.593 4.685 n/a 
(n/1 1 
Un- 
load -.1084 -.1178 .4752 -4.809 2.561 +1.572 2.332 3.387 n/a - 
(n/a) 
3-1 
Load -.1974 -.1842 1.512 -5.977 -7.171 3.433 -2.104 3.175 4.037 11.66 
(4.374) 
S 
Red -0.75 -1.50 -1.43 +1.3o 2 -5.81 -4.3 2 +12.75 -11.63 -13.83 
Un- ' 
Load -.1070 -. ! 153 .4486 -4.395 2.411 +1.337 1.978 2.756 8.917 - 
(2.9333 
1, 





-.1966 -.1810 1.495 -7.524 -6.714 3.364 -2.508 3.050 3.281 32. ! 2 
Red. - 1.16 -3.21 -2.54 +V.53 2 -11.81 -6.24 +34.41 -15.11 -29.97 
Un- 
Load -.1062 -.1120 .4331 --- -3.940 2.331 +.9768 1.839 2 .035 "3.93 
n 
(2.525) 
Red -2.03 -4.92 -8.86 ---- -18.07 -8.98 -37.86 -21.14 -39.89 
Note 1: Larger Node or Element Number Corresponds to Mesh with Interface, See Figures 6-2 and 6-3. 
Note 2:Stress 0 Subgrade-Base Interface for Run Without Interface Obtained by Plotting. 





















































Load -.1403 -.1274 1.341 . 4.57 2 -5.740 2.733 -2.052 2.700 3.561 n/a 
(n/a) 
Un- 
Load -.0815 -.0876 .3938 -3.994 2.087 +1.600 1.584 .9656 n/a - 
, ..... (n/al 
3-4 
Load -.1385 -.1251 1.316 -6.668 -5.455 2.619 -2.167 2.386 3.169 9.924 
(3.716) 
A" 
Red -1.28 -1.81 -1.86 t to41 2 -4.97 -4.17 -5.60 -11.63 -11.01 
Un- 
Load -.0800 -.0859 .3803 -3.752 1.989 +1.131 1.239 1.193 8.134 
n 
(2.774) 
Red. -1.84 -1.94 -3.43 -6.06 -4.70 -29.31 -21.78 -23.55 - 
. , . 
3-10 
Load -.1359 -.1220 1.278 -7.530 -5.078 2.459 -2.266 2.058 2.564 25 45 
n 
(2 967) 
Red -3.14 -4.24 -4.70 +ty.41 2 -11.53 -10.03 -10.43 -23.78 -28.00 
Un- 
Load -.0783 -.0830 .3470 -3.393 1.841 +.9923 .9228 1.501 19.65 - 
n n 
(2.016) 
Red. -3.93 :5.25 -11.88 -15.05 -11.79 -37.98 -41.74 +55.45 - 
Note 1: Larger Node or Element Number Corresponds to Mesh with Interface, See Figures 6-2 and 6-3. 
Note 2: Stress 9 Subgrade-Base Interface for Run Without Interface Obtained by Plotting. 
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Load -.1454 -.1411 1.108 -5.252 -5.317 2.427 -.6330 2.729 3.500 n/a 
(n/ a) 
un- 
load -.0599 -.0736 .1092 -2.618 1.433 2.957 1.478 2.261 n/a 
(nil) 
3-6 
Load -.1445 -.1399 1.087 -5.452 -5.104 2.355 -.7096 2.623 3.185 9.285 
in r• 
(3.468) 
Red -0.62 -0.85 -1.90 +3.332 -4.01 -2.97 +12.10 -3.88 -9.00 
Un- 
Load -.0535 -.0729 .0951 -2.446 1. .37 1 3.004 1.330 1.962 6 745 
(2.132) 
3 
Red -10.68 -0.95 -12.91 -6.57 -4.33 +1.69 -10.01  -13.22 - 
Note 1: Larger Node or Element Number Corresponds to flesh with Interface, See Figures 6-2 and 6-3. 
Note 2: Stress o Subgrade-Base Interface for Run Without Interface Obtained by Plotting. 





















































Load -.1061 -.1018 1.015 6.552 -4.582 2.159 -.6379 2.432 3.135 n/a 
(n/a} 
Un- 
load -.0480 -.0626 .1053 -2.861 1.515 +2.616 1.300 2.191 n/a 
- , (n/.91 
3-6 
Load -.1050 -.1005 .9910 -6.023 -4.412 2.098 -.6738 2.338 2.900 8.694 
(3.239) 
S 
Red -1.04 -1.28 -2.36 -8.oS2 -3.71 -72.83 -5.63 -3.87 -7.50 
Un- 
Load -.0472 -.0617 .0970 
.„ 
-2.726 1.466 +2.667 1.176 1.963 7.025 - 
(2.335) 
73 
Red -1.67 -1.44 -7.88 -4.72 -3.23 -1.95 -9.54 -10.41 - 
Note 1: Larger Node or Element Number Corresponds to Mesh with Interface, See Figures 6-2 and 6-3. 
Note 2: Stress ttli Subgrade-Base Interface for Run Without Interface Obtained by Plotting. 
Appendix B 
Preliminary Summary of Experimental Test Results 
Preliminary Summary of Experimental Test Results 
Construction of Bituminous Layer 
Asphaltic concrete is a special mix in the United Kingdom. Therefore, 
difficulties were encountered in obtaining such a mix during the winter in 
very small quantity. Hence, to prevent further delay and to move forward 
with the test series, a gap-graded, hot rolled asphalt was used for the 
first test series. The hot rolled asphalt will be replaced in subsequent 
test series either by a specially mixed asphalt concrete or by the British 
Dense Bitumen Macadam which uses a 50 Pen binder. 
The temperature of the Hot Rolled Asphalt was about 230°F at the time 
of delivery to the Pavement Test Facility. The asphalt was quickly 
transferred to the test section using preheated wheel barrels. Compaction 
was performed using an 800 lb. vibrating roller. The first pass was made 
without using vibration. Compaction was carried out in both the 
longitudinal and transverse directions of the pavement area. Rolling was 
continued until no further improvement was noted. The whole sequence of 
construction of the bituminous layer took about 30 to 35 minutes. 
The thickness of the bituminous layer based on a survey of finished 
elevations generally varied from about 1.0 to 1.4 inches. The density of 
the layer was 132 pcf as measured using a nuclear density meter. Both the 
thickness and the density of the asphaltic layer will be carefully checked 
during the excavation of the tested sections. 
Loading Program 
Multitrack Loading. To simulate the wheel path variation of real traffic, 
the moving wheel of the Pavement Test Faciilty was allowed to travel over 
nine different track positions across the pavement in a semi-random 
sequence. The relative position of these tracks and the number of passes of 
load on each track are summarized on Table 1. A total of 1718 passes of 
load were applied before the test was terminated. 
The original proposed test load was set at 3 kips (13.3 kN). However, 
due to the very weak strength of the pavement structure, this high load was 
never achieved. Also, due to the rapid deterioration of the pavement 
surface, difficulties were encountered early in the tests in maintaining a 
relatively uniform load across the 3 different pavement sections. 
Therefore, throughout most of the test period, non-uniform loading existed 
varying from about 0.7 to 2.5 kips. The average load obtained was about 1.5 
kips. The load was applied hi-directionally and continuously monitored 
throughout the tests. 
The tire used for the test had a width of 6 in. and the tire pressure 
was 80 psi. The loaded area approximated a 6 in. diameter circle. The 
wheel speed was maintained at a relatively constant value of 3 mph. The 
room temperature was kept at 68 °F with the pavement temperature varying 
between 61 and 63°F during the test. 
Single Track Test. On completion of the main mult-track tests, a single 
track test was carried out on one side of the main test area. The test 
included a total of 500 passes of unidirectional wheel load at approximately 
1.8 kips (8 kN). Rut depths were recorded at appropriate intervals. 
However, as there were no instruments at the single test locations, stress 
and strain measurements were not recorded. The object of the test was to 
Table 1. EUMMarY Qf Ligad E2aition and NEL. af EA.11513s  
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Table 2. Bummary 21 Records 
Type of Record Pass No. when taken 
Profilometer & Zero Reading 
Resilient Response 
- 	0 
40 to 72 
Profilometer & Permanent Strain 150 
Profilometer & Permanent Strain 527 
Resilient Response 613 to 649 
Resilient Response 1226 to 1260 
Profilometer & Permanent Strain 1262 
Resilient Response 1648 to 1690 
Profilometer & Permanent Strain 1690 
confirm the trends in permanent deformation observed for the multitracking 
test. 
Recording Procedure 
Profilometer, permanent strain readings and resilient responses were 
taken after the number of passes shown in Table 2. Resilient strains and 
transient stresses were recorded on one Ultra Violet Oscillograph. While 
pressure cells could be recorded continuously, it was only possible to 
select one strain coil pair at a time. Therefore, to reduce the number of 
passes required to complete the recording of a set of resilient responses, 
the wheel was stopped after every two passes during which measurements were 
made. 
With the exception of the first set of records, all other resilient 
response records contained information regarding the wheel load and 
position. 
Excavation of Tested Pavement  
Excavation of the tested pavement is currently being carried out. 
During the excavation, a trench will be made to establish a more accurate 
geometry of the pavement sections. Core sample of bituminous layer will be 
made. Also, in situ measurements of stiffnesses and density of different 
layers of material will be carried out. 
Preliminary Test Results  
The preliminary results of the first test series are summarized in 
Figures 1 to 5 and in Tables 3 and 4. All sections were undoubtedly very 
weak as indicated but the observed large rut depths at less than 1000 load 
repetitions. The control section developed cracks after 500 passes, and did 
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FIG. 3 VARIATION OF AVERAGE RATIO OF STRESS IN SUBGRADE  
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Table 3. Pozmaliza9i Resilient Lateral Elern.in in geotexile 
Prerutted Control Non-Prerutted 
162 442 160 
Table 4. ELMIelized Resilient Longitudinal 	under- 
=81 thq Asphalt Laver 
Prerutted Control Noh-Prerutted 
Longitudinal 
Strain 




1.1 1.3 1 . 4 
Note: All normalized strains are measured in micro-strain 
per Kilonewton 
rut depth alone, the prerutted section performed slightly worse than the 
non-prerutted section. However, the result could be due to a slightly 
higher thickness of the bituminous layer of the non-prerutted section. 
The comparison of resilient strains between different sections is 
hindered due to the non-uniform wheel load which occurred across the 
sections. The variation of wheel loading was due to the large rut depths 
and its variation from one section to another. The measured resilient 
strain were therefore normalized with respect to wheel load. Although 
linear behavior is generally expected within a narrow range of load, the 
large load variation during this test may have created a nonlinear 
variation; this aspect is presently being investigated further. 
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NCHRP PROJECT 10-33 
POTENTIAL BENEFITS OF GEOSYNTHETICS IN 
FLEXIBLE PAVEMENT SYSTEMS 
INTRODUCTION 
Research Problem Statement  
Test results indicate that the tensile forces that can be developed in 
geotextiles and other geosynthetics, such as geomembranes and geogrids, 
hereinafter referred to collectively as geosynthetics, will increase the 
structural capacity and improve the performance potential of aggregate-
surfaced roads placed over very weak subgrades (i.e., CBR less than 2). 
Techniques have been demonstrated whereby geosynthetics can be tensioned 
either by prestretching the geosynthetic or by loading and developing ruts 
in the geosynthetic-aggregate system, before placing additional (leveling) 
aggregate base. 
The applicability of geosynthetics to higher type pavement systems 
incorporating unbound granular pavement layer(s) with an asphalt surface 
(flexible pavement systems) needs to be studied to determine whether the 
structural capacity and performance potential can be improved. Although 
geosynthetics have been used to some extent in the unbound granular layers 
of higher type pavements, their behavior and influence on pavement 
performance are not well understood. Consequently, a number of questions 
must be answered before the feasibility of widespread use of geosynthetics 
in flexible pavement systems can be determined, for example: (1) What types 
of geosynthetics should be used and what properties of these geosynthetics 
must be specified? (2) Is prestressing geosynthetics necessary and 
practical? 	(3) Under what conditions do geosynthetics influence flexible 
pavement systems? (4) Can the benefits of geosynthetics be documented? 
Objective 
The objective of this study is to determine the feasibility of includ-
ing geosynthetics on the subgrade or in the unbound layers to improve the 
performance of flexible pavement systems or to provide alternative designs 
for equal performance. 
SUMMARY OF PROGRESS 
Task 1 - Selected Analytical Models -  Complete 
Task 2 - Sensitivity Study 
Technical progress on this task during the last quarter has been good. 
The contour model discussed in the last quarterly report was implemented 
into the computer program for characterizing the granular base. Even the 
use of this state-of-the-art model, however, did not appear to explain the 
good performance of the geotextile reinforced sections observed for the 
first test series, even considering the very weak pavement construction 
used. To better understand the behavior of granular base pavements, with 
special emphasis on the behavior of the lower portion of the granular 
material, a study was made of the detailed stress and strain response data 
obtained previously from several well-constructed granular based pavementsl. 
These pavements had not been previously theoretically analyzed in detail. 
The results of this comparative study indicated the tensile strains 
predicted in the bottom of the unreinforced granular base were about one-
third the observed values. This finding suggests that the theory used up to 
now may be underpredicting the potential beneficial effect of reinforcement. 
1 Barksdale, R.D., "Crushed Stone Base Course Performance", 
Transportation Research Record 954, 1984, pp. 78-87. 
Comparisons were made using several different theories between observed and 
predicted values of tensile strain in the bottom of the asphalt, vertical 
and radial strains in the granular base, vertical stress on the subgrade and 
vertical surface deflection. Trying to match the theory with this many 
measured variables proved to be a very complicated task. 
A cross-anisotropic, linear elastic model was found to give the best 
predictions when compared to observed response. Use of this model with the 
inclusion of geosynthetic reinforcement appears to show somewhat greater 
reductions in vertical deflections and stresses than found using other 
models. The greatest changes in response compared to the previously used 
models appear to be in radial stress and strain in the base and subgrade. 
For pavements having low strength, these observed changes in response are 
probably sufficient to explain the good performance of the reinforced 
sections included in the first test series. For well-constructed pavements 
having sufficient structural strength, these observed changes in response, 
based on preliminary observations, do not appear large enough to 
significantly improve performance. 
A number of computer runs have now been performed using the linear 
elastic, anisotropic model for pavement sections having geometrics that 
might be used in practice. The problem of realistically modeling the 
reinforced granular base has proved far harder than originally anticipated. 
Good progress has been made which, based on preliminary observations, 
appears to explain the observed performance of the reinforced, nonprerutted 
sections in Test Series 1 and 2. 
Task 3 - Laboratory Experimental Study 
During this quarter the second series of tests were completed. The 
second series of tests consisted of a 1.5 inch thick asphalt concrete 
surfacing over an 8 inch thick crushed limestone base. Sections tested 
consisted of (1) a control, (2) Tensar SS-1 placed between the base and 
subgrade, and (3) a similar sections to (2) except it was prerutted. About 
70,000 applications of a uniform 1.5 kip wheel load was applied to these 
sections. 
A detailed description of these tests and the results are given in 
Appendix A. The test results are summarized in Figures 1 through 7 
(Appendix A). Preliminary conclusions are as follow: (1) The presence of 
the geogrid in the non-prerutted section does not provide any appreciable 
benefit to the overall performance of the pavement. (2) The prerutted 
section showed significantly better performance than the other sections. 
Prerutting helps to densify the granular base material. Whether the same 
beneficial effect can be achieved in the absence of the geosynthetic 
inclusion is still uncertain at this time. (3) Prerutting appears to be 
material dependent. For the natural sand and gravel used in the first test 
series, prerutting did not improve performance. 
Proposed Changes to Testing_ Program 
Test Series 1 and 2 have now been completed. Construction on Test 
Series 3 will begin in about two weeks. The proposal is made that Test 
Series 3 be constructed using the same materials and geometry as Test Series 
2: (1) A 1.5 inch thick asphalt concrete surfacing, (2) 8 inch thick crushed 
limestone base, and (3) a weak subgrade having a CBR of about 3. Specific 
proposed sections are as follows: 
Section 1. Control - no geosynthetic reinforcement. 
A supplementary test will be included involving prerutting 
the base along the edge of this test section. The center 
portion of Section 1 will not be prerutted. By testing both 
areas an indication will be obtained of the effectiveness of 
prerutting the base without the presence of a geosynthetic. 
Recall that for Test Series 2 the best performing section was 
both reinforced and prerutted. The proposed testing will 
permit determining whether the prerutting and accompanying 
densification of the stone base or prerutting together with 
the reinforcement was responsible for the good performance of 
the prerutted section in Test Series 2. 
Section 2. Woven Nicolon geosynthetic (S2 = 4000 lbs./in.) 
placed on top of the subgrade. The Nicolon geosynthetic is 
the same as used in Test Series 1. 
Section 3. Woven Nicolon geosynthetic (S g = 4000 lbs./in.) placed 
in the middle of the base. 
It is felt that an additional series of tests involving basic 
geosynthetic reinforcement of a reasonably strong section is needed. Also, 
the results of Test Series 2 indicates most of the rutting developed in the 
granular base. The possibility therefore exists that reinforcement placed 
in the middle of the granular base might result in better performance than 
when placed in the bottom of the base (refer to Section 4.3 of Appendix A). 
Although conflicting evidence exists concerning the optimum location of the 
reinforcement, varying the location of the reinforcement in Test Series 3 is 
felt to be desirable. 
Task 4 - Engineering Feasibility 
During the past quarter work continued on the separation aspects of the 
use of geosynthetics. Work on writing these findings up was begun. 
Durability aspects were also considered, and these findings are being 
translated into the current state-of-the-art including engineering practice 
aspects. As has been the case throughout the project, emphasis was placed 
on translating the reinforcement considerations into practical engineering 
recommendations. 
WORK PLANNED FOR NEXT QUARTER 
During the next quarter additional computer runs will be performed 
under Task 2 to thoroughly investigate reinforcement aspects. Some 
verification of the theory should be possible using the results from Test 
Series 1 and 2. Under Task 3, the third test series will be constructed and 
tested. Hopefully, construction of the fourth test series will be underway 
by the end of the quarter. Work on Task 4, engineering feasibility of using 
geosynthetics within granular bases, will be intensified. 
APPENDIX A 
PRELIMINARY RESULTS OF LABORATORY TEST SERIES 2 
1. Introduction  
This report outlines the work carried out during the three 
month period starting from March 21, 1987. 
The second series of tests which involve the use of Tensar 
SS-1 geogrid under prerutted and non-prerutted conditions 
has been completed. The revised pavement structure in this 
series of consists of an 8-inch (200mm) thick layer of 
crushed dolomitic limestone and 1.5-inch (37.5mm) of 
asphaltic concrete. The results of the test, obtained after 
about 70,000 passes of wheel loading, indicate that the 
prerutted section performed best. Details of the second 
series of testing, together with discussion of the test 
results are presented in the following sections. 
2. Sub-task 3b(ii) : Large Scale Laboratory Test 
2.1 Revised Pavement Material  
Following the results from the first series of tests, the 
pavement structure has been revised to consist of 1.5 inches 
(37.5mm) of specially mixed asphaltic concrete and 8 inches 
(200mm) of crushed limestone (Standard British Type 1 
specification) overlying the weak Keuper Marl silty clay 
subgrade. 
1 
The asphaltic concrete was prepared by a local quarry 
according to the specification drawn out from the result of 
Marshall tests detailed in the second quarterly report. In 
brief, the asphaltic mix consisted of 0.5 inch (12mm) 
maximum size aggregate and 6% of Grade 50 Pen binder. The 
temperature of the mix was about 160 degree Celsius (320 
degree Fahrenheit) at the time of delivery to the Pavement 
Test Facility. The material was compacted in one layer using 
a pedestrian controlled vibrating roller. The density of the 
layer was measured using a nuclear density meter and an 
average value of about 141 pound per cubic foot was 
obtained. Both the thickness and the density of the 
asphaltic layer will be checked during the excavation of the 
test section. 
The crushed limestone has a maximum particle size of 1.5 
inch (37.5mm) and an average fines content ( < 75 micron) 
of 7%. The maximum density and optimum moisture content, as 
determined by the Standard British Vibrating Hammer 
Compaction Test Method was found to be 140 pound per cubic 
foot and 7.5% respectively. The 8-inch layer of crushed 
limestone was compacted in two 4-inch lifts by means of a 
vibrating roller. The density of the compacted material, as 
measured by the nuclear density meter, indicated that over 
100% of compaction was achieved. Both Clegg Hammer and 
Dynamic Cone Penetrometer tests were performed on the 
compacted material. Based on interpretation of the Clegg 
2 
Hammer test results, the CBR value for the compacted 
material was in excess of 60%. 
2.5 inches of Keuper Marl subgrade were removed in order to 
accomodate the additional thickness of the granular and 
asphaltic layers. The finished subgrade surface had a CBR of 
about 2.7%, with moisture content and dry density of about 
18% and 110 pet respectively. 
The geosynthetic material used in this series of tests was 
the Tensar SS-1 geogrid. During installation, the geogrids 
were pulled tight before steel hooks were used to anchor 
them onto the subgrade. 
2.2 Prerutting  
Prerutting was carried out in the same way as for the first 
series of tests. However, it was terminated after about 
12,000 passes of 2-kip (9 kN) wheel loadings when the rate 
of increase of subgrade deformation had reduced to a very 
slow level. A total of 0.4 inch (10mm) of deformation in the 
subgrade underneath the wheel path was recorded. At the same 
time, deformation of the granular material, including that 
of the refilled material amounted to about 2 inches (50mm). 
No heave on either side of the rut was noticed. 
3 
2.3 Loading  
A test load of 1.5 kips (6.6 kN) was uniformly maintained 
on each section throughout the test. A total of 69,690 
passes of load were applied before the test was terminated. 
These passes were distributed in a semi-random sequence over 
nine lateral track positions. The room temperature was kept 
at 20 degree Celsius (68 Fahrenheit) whereas the pavement 
temperature was about 18 Celsius (64 Fahrenheit). 
Bidirectional loading was used. 
2.4 Records of Test 
Due to the higher strength of the pavement structure, a 
large number of recordings were made during this series of 
tests. These recordings included 16 sets of permanent 
deformations, 7 sets of transient stress and strain and 10 
sets of profilometer results. Some of these results are 
presented in this report. 
3. 	Sub-task 3c : Materials Evaluation and Laboratory Tests  
During this quarter, 	two cyclic triaxial tests were 
performed on the sand and gravel used in the first series of 
tests. The results confirmed that the material had low 
resilient modulus as well as weak resistance to permanent 
deformation. The tests were carried out at the same moisture 
content and density as those during the wheel tracking test. 
4 
Eight FWD tests, 4 before and 4 after the asphaltic concrete 
was placed, were performed. Results are currently being 
analysed. 
The creep tests on geosynthetics, being carried out at 
Strathclyde University in Glasgow are nearly complete and 
the results are expected soon. 
4. 	Sub-task 3d : Data Reduction and Analysis 
4.1 Results of Second Series of Test 
Results of the second series of test are being analysed. 
Some important preliminary findings are enclosed for 
discussion purposes. Figure 1 to 6 show the various plots of 
permanent deformation, as measured from the strain coils, 
against the log number of passes. Figure 7 shows the change 
of rut depth, as measured from the profilometer, against the 
log number of passes. 
The test was terminated after 69,690 passes of wheel 
loadings had been applied. The final rut depths at the 
prerutted, non-prerutted and control sections were 0.5 
(12.5mm), 1.4 (35.6mm) and 1.6 inches (40.6mm) respectively. 
Despite the relatively large rut depth occuring in the 
control and non-prerutted sections, only minor cracks, 
5 
generally less than 2mm wide, were detected. 
4.2 Comment on Test Result  
Brief comments on the results of the second series of 
testings are presented as follows : 
i) Figure 1 indicates that there is little difference in 
terms of the total permanent deformation of the 
pavement structure between the 	non-prerutted- 
reinforced and the non-reinforced control sections. 
However, the prerutted-reinforced section continued to 
outperform the other two sections throughout the test. 
ii) A closer look at the permanent deformation in the 
individual pavement layers, as shown in Figures 4 to 
6, shows that a large part of the deformation occured 
in the granular layer. 
iii) Figure 2 appears to indicate that after about 10,000 
passes of wheel load, when the total permanent 
deformation of the control and non-prerutted section 
was about 0.7 inch (17.8mm)(fig.l), a significant 
difference in the rate of permanent deformation 
developed in the subgrade between these two sections. 
This behaviour seems to agree well with that in the 
first series of test when large permanent deformation 
in the subgrade occurred in the control section. 
iv) Despite the difference mentioned in (iii), the overall 
6 
performance of the control and the non-prerutted 
sections in this series of tests appears to be 
similar. This is probably due to the fact that 
permanent deformation in the granular layer, which 
dominates the overall performance, is similar in both 
sections, as shown on Figure 3. 
v) Prerutting appears to improve performance by 
increasing the resistance to permanent deformation of 
the granular layer. This effect can be a result of the 
densification of the layer. In the first series of 
tests, however, prerutting failed to densify the 
rounded natural sand and gravel, therefore resulting 
in no apparent improvement its resistance to permanent 
deformation. 
vi) No measurable deformation was noticed on the geogrids 
located on either the prerutted or non-prerutted 
section throughout the test (including during 
prerutting). However, transient strain, in the order 
of about 0.1 % was recorded. 
4.3 Preliminary Conclusions on the Second Series of Tests  
i) The presence of geogrid in the non-prerutted section 
does not provide any appreciable benefit to the overall 
performance of the pavement, at least up to the end of 
the test at 69690 passes of load. 
ii) The presence of geogrid may reduce the amount of 
7 
subgrade rut after large rut depth has been developed 
in the pavement structure. 
iii) Prerutting helps to densify the granular layer and 
increase its resistance to permanent deformation. 
However, whether the same benefit can be achieved in 
the absence of geosynthetic inclusion is still 
uncertain at this moment. 
iv) 	The benefit of prerutting appears to be material- 
dependent. For natural sand and gravel, prerutting may 
not generate any benefit at all, as shown by the result 
of the first series of tests. 
Based on the results obtained from this series of tests, it 
appears that the role of the geosynthetic inclusion, in this 
particular pavement structure, should be such that it can 
reduce the amount of permanent deformation in the granular 
layer. Prerutting seems to be promising when good quality 
granular material is used. Hence further attention should be 
given to this aspect. It is not, however, clear whether the 
geosynthetics actually contribute to this improvement. The 
location of the geosynthetics, on the other hand, is 
believed to play an important role in the performance of the 
granular layer. Research elsewhere (1,2,3) has indicated 
that putting the geosynthetics at formation level (interface 
between subgrade and base) provides very little to no 
improvement in the performance of the granular base An ideal 
8 
location, taking into account the construction process, 
would seem to be at the middle of the granular layer. 
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NCBRP PROJECT 10-33 
POTENTIAL BENEFITS OF GEOSYNTMICS IN 
FLEXIBLE PAVEMENT SYSTEMS 
INTRODUCTION 
Research Problem Statement  
Test results indicate that the tensile forces that can be developed in 
geotextiles and other geosynthetics, such as geomembranes and geogrids, 
hereinafter referred to collectively as geosynthetics, will increase the 
structural capacity and improve the performance potential of aggregate-
surfaced roads placed over very weak subgrades (i.e., CBR less than 2). 
Techniques have been demonstrated whereby geosynthetics can be tensioned 
either by prestretching the geosynthetic or by loading and developing ruts 
in the geosynthetic-aggregate system, before placing additional (leveling) 
aggregate base. 
The applicability of geosynthetics to higher type pavement systems 
incorporating unbound granular pavement layer(s) with an asphalt surface 
(flexible pavement systems) needs to be studied to determine whether the 
structural capacity and performance potential can be improved. Although 
geosynthetics have been used to some extent in the unbound granular layers 
of higher type pavements, their behavior and influence on pavement 
performance are not well understood. Consequently, a number of questions 
must be answered before the feasibility of widespread use of geosynthetics 
in flexible pavement systems can be determined, for example: (1) What types 
of geosynthetics should be used and what properties of these geosynthetics 
must be specified? (2) Is prestressing geosynthetics necessary and 
practical? 	(3) Under what conditions do geosynthetics influence flexible 
pavement systems? (4) Can the benefits of geosynthetics be documented? 
Objective 
The objective of this study is to determine the feasibility of includ-
ing geosynthetics on the subgrade or in the unbound layers to improve the 
performance of flexible pavement systems or to provide alternative designs 
for equal performance. 
SUMMARY OF PROGRESS 
Task 1 - Selected Analytical Models -  Complete 
Task 2 - Sensitivity Analysis 
Relatively little activity was carried out on this task pending the 
completion of laboratory Test Series 3 which has additional instrumentation 
in the granular base. 
Task 3 - Laboratory Experimental Study 
During this quarter special emphasis was placed on carrying forward the 
large scale laboratory tests. Supplementary tests for the second series 
were completed and the main portion of the third test series was essentially 
completed. 
Second Test Series. 	Two single track tests (i.e., the wheel followed a 
single path) were performed after the second series of main multi-track 
tests were completed. The single track tests were carried out at a distance 
of two feet from either edge of the test sections. The first test was 
performed on all three paved sections while the second test was performed 
directly on the granular base material of a new track after the 1.5 inches 
of asphaltic concrete surface had been removed. 
The objective of the first single track was to compare the trends in 
permanent deformation with those observed during the multi-track test. The 
test included a total of 16,500 passes of wheel load at approximately 2 
kips. The final permanent vertical deformation of the prerutted, non-
prerutted and control sections was 1.4, 1.9 and 1.9 inches, respectively. 
The results of the test confirm that the presence of a geogrid at the bottom 
of the granular base in a non-prerutted section does not provide any 
appreciable benefit to the performance of the pavement. The results further 
indicate that along the single track within the prerutted section (where no 
prerutting was carried out prior to the single track test), the performance 
of the pavement approaches that of the non-prerutted and control sections. 
Indeed, the vertical deformation measured within the prerutted section 
increased from 35% (during multi-track test) to 74% (during single track 
test) of that measured in the non-prerutted section. 
The second single track test was performed to determine whether the 
presence of a geogrid could improve the performance of the unbound pavement 
system used in the second series of tests. The test included approximately 
12,600 passes of the wheel load at about 2 kips. The final average rut 
depths of the prerutted, non-prerutted and control sections were 1.9, 1.9 
and 2.0 inches, respectively. During excavation of the tested pavement, it 
was revealed that most of the above deformation occurred within the granular 
material. This finding suggests that placing the geogrid within the 
granular base might be more beneficial than placing it at the bottom of the 
base. 
Third Test Series. During this quarter the third series of tests was begun 
and tested to 390,000 passes of the wheel load. Testing was still in 
progress at the time this report was written. The test series consists of 
(1) an unreinforced control section, (2) stiff Nicolon geotextile placed at 
the bottom of the crushed stone base, and (3) stiff Nicolon geotextile 
placed at the middle of the base. The stiff Nicolon geotextile is the same 
as used in the first test series. The pavement structure for this test 
series consists of 1.5 inches of asphalt concrete and 8 inches of crushed 
limestone overlying the weak clay subgrade. 
In the control section which had no reinforcement, prerutting was 
carried out along the edge of the section prior to placement of the asphalt 
concrete. This prerutting was performed in the control section to determine 
if the previously observed beneficial effect of prerutting is due to the 
presence of a geosynthetic or just due to the increase in density caused by 
prerutting. 
Additional instrumentation was installed in both the control section 
and the section where reinforcement was placed in the middle of the granular 
base layer. The instrumentation included four additional pressure cells 
placed at the top and bottom of the granular base to measure the 
longitudinal stress along the line of the pavement sections. Also, four 
pairs of one-inch diameter Bison strain coils were installed close to the 
additional pressure cells to monitor the corresponding lateral strains. 
The section with the geosynthetic placed at the middle of the base 
appears to be performing best. The vertical permanent deformation at 39,000 
passes of a 1.5 kip (6.6 kN) wheel load for the control, reinforced-at-
bottom and reinforced-at-middle sections was 0.84 (21.3 mm), 0.82 (20.8 mm) 
and 0.56 (14.3 mm) inches, respectively. Two single track tests along the 
side of the test section will be performed after the main multi-track test 
is completed. 
Materials Evaluation. Work on performing the materials tests which include 
repeated load triaxial tests, general materials tests, creep tests and 
direct shear tests is progressing well. Two cyclic triaxial tests on the 
crushed dolomitic limestone were carried out. The tests were performed 
using different stress paths. The purpose of the test was to produce 
parameters to be used in conjunction with the theoretical analysis of the 
pavement. 
Data Reduction and Analyses. Stress and strain data for the second series 
of tests were reduced. These results are summarized on Figures 1 to 4 given 
in Appendix A. 
Task 4 - Engineering Feasibility 
Work on this task proceeded much as it did in the previous quarter. 
Separation aspects were examined in detail including a review of case 
histories. Special emphasis was given to defining under what conditions the 
use of a geotextile is required to provide a positive separation. Under 
most conditions the critical time for intrusion of soft soils into an 
overlying granular material appears to be during construction of the first 
lift. The vibratory roller weight and lift thickness both have a 
significant effect on the vertical stress developed at the top of the 
subgrade and hence on the bearing capacity as shown in Figure 1. Aggregate 
size is also a consideration. 
Durability and long-term aspects were continued to be studied, and 
these findings are also being translated into the current state-of-the-art 
including engineering practice aspects. 
Task 5 - Field Test Framework  
An outline for a typical field test layout was begun during the past 
quarter. Emphasis at the present time was placed on type and location of 
instrumentation in the test sections pending completion of the laboratory 
tests. This review of instrumentation requirements has lead to the use of 
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Figure 1. Bearing Capacity Safety Factor of Subgrade During 
Construction of First Lift. 
additional instrumentation in the test sections as described under Task 3. 
Task 6 - Final Report  
The write-up is progressing well with work being concentrated on (1) 
the sensitivity studies and (2) separation and infiltration aspects. 
WORK PLANNED FOR NEXT QUARTER 
During the next quarter some additional computer runs will be performed 
under Tasks 2 and 3 to tie together the theoretical and laboratory results. 
Under Task 3, the fourth test series will be planned and submitted to the 
review panel for approval. Also, this final test series will be constructed 
and testing at least begun. Work on Task 4, Engineering Feasibility, and 
Task 5, Field Test Framework, should be completed. The final report, Task 
6, should for the most part be completed. Completion of the final report 
will be controlled by the completion of the final laboratory test series. 
APPENDIX A 
MEASURED RESILIENT STRAINS AND SUBGRADE STRESS FOR TEST SERIES 2 
TEST SERIES 2 
Figurs 1 to 3 show the variation of resilient strains with depth from 
the pavement surface at 250, 5000 and 40,000 passes of wheel load. Note 
that the strain value shown for the asphaltic concrete layer is the 
longitudinal tensile strain at the bottom of the layer while those for the 
granular base and the subgrade are vertical compressive strain. Figure 4 
shows the variation of subgrade stresses with the log of number of passes of 
wheel load. 
The resilient strain measured on the geogrid remained very constant 
throughout the test. For the prerutted section, the magnitude of the strain 
was about 1800 microstrain (0.18%) while for the non-prerutted section, the 
value was about 3000 microstrain (0.3%). The strains were measured in the 
direction perpendicular to that of the moving wheel. 
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NCHRP PROJECT 10-33 
POTENTIAL BENEFITS OF GEOSYNTHETICS IN 
FLEXIBLE PAVEMENT SYSTEMS 
INTRODUCTION 
Research Problem Statement 
Test results indicate that the tensile forces that can be developed in 
geotextiles and other geosynthetics, such as geomembranes and geogrids, 
hereinafter referred to collectively as geosynthetics, will increase the 
structural capacity and improve the performance potential of aggregate-
surfaced roads placed over very weak subgrades (i.e., CBR less than 2). 
Techniques have been demonstrated whereby geosynthetics can be tensioned 
either by prestretching the geosynthetic or by loading and developing ruts 
in the geosynthetic-aggregate system, before placing additional (leveling) 
aggregate base. 
The applicability of geosynthetics to higher type pavement systems 
incorporating unbound granular pavement layer(s) with an asphalt surface 
(flexible pavement systems) needs to be studied to determine whether the 
structural capacity and performance potential can be improved. Although 
geosynthetics have been used to some extent in the unbound granular layers 
of higher type pavements, their behavior and influence on pavement 
performance are not well understood. Consequently, a number of questions 
must be answered before the feasibility of widespread use of geosynthetics 
in flexible pavement systems can be determined, for example: (1) What types 
of geosynthetics should be used and what properties of these geosynthetics 
must be specified? (2) Is prestressing geosynthetics necessary and 
practical? 	(3) Under what conditions do geosynthetics influence flexible 
pavement systems? (4) Can the benefits of geosynthetics be documented? 
Objective 
The objective of this study is to determine the feasibility of includ-
ing geosynthetics on the subgrade or in the unbound layers to improve the 
performance of flexible pavement systems or to provide alternative designs 
for equal performance. 
SUMMARY OF PROGRESS 
Task 1 - Selected Analytical Models -  Complete 
Task 2 - Sensitivity Analysis  
Only a relatively small amount of activity was carried out on this task 
pending the completion of the laboratory tests. Several series of cross-
anisotropic, linear elastic computer runs were made during this quarter. 
Task 3 - Laboratory Experimental Study 
During this quarter special emphasis was placed on carrying forward the 
large scale laboratory tests and completing the associated materials 
characterization tests. Test Series 3 was finished during this quarter. 
Also, the necessary preparations have been made in the pavement test 
facility such as subgrade preparation to permit very rapidly completing 
construction and then testing the final test series during the first month 
of the next quarter. A detailed summary of test results for Test Series 1, 
2 and 3 was prepared and is available. 
Materials Evaluation. A considerable amount of effort was devoted to 
materials characterization during this quarter. The materials 
characterization tests are now complete except for one series of creep 
tests. A summary of selected material test results is given in Appendix A. 
These material characterization test results include: 
1. Cyclic triaxial test results for the granular base 
materials including both resilient and permanent strain 
properties. Resilient material properties are given in 
terms of both the Mayhew and Pappin type models. 
2. Large shear box test results to characterize the 
interface condition between the geosynthetics and the 
adjacent subgrade and granular base materials. 
3. Wide width tensile test results on the geosynthetics. 
The stiffness of the two geosynthetics used were found 
to be about what was initially assumed in planning the 
experiment. The Tensar SS-1 geogrid has a stiffness 
Sg 	1900 lbs/in. while the Geolon 200 (Nicolon) 
geotextile has a stiffness S g  = 3500 lbs/in. 
4 	Creep test data at a constant temperature of 20 °C for 
the two geosynthetics used in the experiments. 
5. 
	
	A summary of general quality control test results for 
Test Series 1, 2 and 3. 
Data Reduction and Analyses. Almost all of the data for the first three 
test series have been reduced and are presently being analyzed. 
Task 4 - Engineering Feasibility 
Work on this task proceeded smoothly. Emphasis was placed on writing 
up the findings of the durability and separation/infiltration sections of 
the report. Additional work on writing up the reinforcement aspects had to 
be delayed pending completion of Test Series 3 and 4. 
Task 5 - Field Test Framework' 
A typical field test layout program was developed during the past 
quarter. The test program will have to be reviewed and modified pending 
completion of the final test series. 
Task 6 - Final Report  
The general write-up of the final report is progressing well with work 
having been concentrated during the past quarter on (1) the laboratory test 
series, (2) separation and infiltration, and (3) durability. 
WORK PLANNED FOR NEXT QUARTER 
During the next quarter some additional computer runs will be performed 
under Tasks 2 and 3 to tie together the theoretical and laboratory results. 
Under Task 3, the fourth laboratory test series will be completed. Work on 
all tasks should be finished by about the end of the quarter. The draft 
final report, Task 6, should be completed in early April. 
APPENDIX A 
Materials Characterization Test Results 
1. Introduction 
This report outlines the work carried out during the three 
month period starting from September 21, 1987. 
During this quarter, the third series of tests was 
completed. Also, with the exception of one series of creep 
tests on the primary direction of Tensar SS-1 geogrid, all 
the necessary testing on materials used in this project were 
essentially completed. Some results and discussion of the 
tests were sent to Georgia Institute of Technology in late 
October. This present report includes updated results of the 
tests completed since then. 
2. Testings on Granular Material 
Two types of granular materials were used in this project. 
These included, for the first series of tests, the British 
Standard Type II sand and gravel which was slightly rounded 
and, for the second and third series, the crushed dolomitic 
limestone. Laboratory tests performed for the granular 
materials consisted mainly of cyclic triaxial test, 
moisture-density test, sieve analysis and other index tests. 
1 
2.1 Cyclic Load Ttiaxial Test 
Each cyclic triaxial test could be subdivided into 1) a 
resilient strain test where the stress paths used were far 
away from failure with the resulting strain essentially 
recovered during unloading and 2) a permanent strain test 
where the stress path used was considerably closer to 
the failure condition, hence allowing permanent strain to 
develop and accumulate. Six tests were carried out for the 
two types of material at various moisture contents. Each 
test used 20 stress paths for the resilient strain test and 
up to 2000 stress cycles for the permanent strain test. 
Results of the resilient tests are summarized in Table 1. 
Using the coefficients as listed on the table, a comparison 
between predicted and measured strain can be made. Two 
different formulae, Pappin's and Mayhew's, were used to 
predict the shear strain. The results of the comparison are 
shown on Figure 1 to 6. The results for the permanent strain 
tests for the dolomitic limestone are summarized on Figures 
7 to 8. 
2.2 Flakiness Index 
One flakiness index test was performed on the crushed 
dolomitic limestone used in the third series of tests. The 
result of the test indicated an index of 9% overall while 
for individual size fraction, the index varied from 3.8 to 
16.1 per cent. 
2 














Shear Strain Coefficients 
Pappin's Mayhew's 
A B C D E A B 
1 Sand & 129 3.7 329 .33 .110 461 .4 76.9 -.63 
Gravel 
2 Crushed 133 4.0 209 .33 .108 405 .4 50.0 -.63 
Limestone 
3 Crushed 127 3.3 204 .33 .127 331 .4 56.1 -.63 
Limestone 
4 Crushed 128 6.0 242 .33 .142 374 .4 67.4 -.63 
Limestone 
5 Crushed 131 6.7 336 .33 .136 362 .4 57.0 -.63 
Limestone 
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Figure 1. Comparison of Resilient Volumetric Strain for Sand and Gravel 
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Figure 4. Comparison of Resilient Volumetric Strain for Dolomitic Limestone 
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Figure 5. Comparison of Resilient Shear Strain for Dolomitic Limestone 
Figure 6. Comparison of Resilient Shear Strain for Dolomitic Limestone 
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RESULT OF CYCLIC TRIAXIAL TEST 
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Figure 7. Development of Permanent Axial Strain for Dolomitic 
Limestone at Different Moisture Content. 
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Figure 8. Development of Permanent Radial Strain for Dolomitic 
Limestone at different Moisture Content. 
3. Large Direct Shear Box Test  
Twenty four large direct shear box tests were performed on 
the two geosynthetic materials in conjunction with the soil 
and granular materials. The shear box used for these tests 
measured 11.8 in.(300mm) square by 6.7 in.(170mm). Results 
of the tests are summarized in Table 2 and Figures 9 to 11. 
For most of the tests involving granular material, maximum 
shear stress was obtained at a horizontal displacement of 
less than .4 in. (10 mm). However, for tests with Keuper 
Marl, a horizontal displacement of up to 1.2 in. (30 mm) was 
required to achieve maximum shear stress. 
4. Tests on Geosynthetic Materials 
The laboratory tests on geosynthetic materials, including 
six wide-width tensile tests and two series of creep tests 
were performed at the University of Strathclyde under the 
supervision of Professor Allan MCGown. One additional creep 
test is presently being undertaken by tie -Lion U.K. Limited. 
4.1 Wide Width Tensile Tests 
The test specimens used for the tests were 8 in.(200mm) wide 
and had a gauge length of 4 in.(100mm). All tests were 
conducted at a standard test temperature of 68 F (20 C) 'and 
3 
























•cl•  Li) C
D
  
Nicolon/Sand&Gravel 140 3.2 0.55 0.36 .06 
138 3.8 1.10 0.75 .06 
138 3.4 2.18 1.46 .06 
Sand & Gravel 138 3.2 0.54 0.57 .30 
136 3.4 1.22 1.15 .30 
136 3.4 2.35 2.14 .30 
7 Nicolon/Limestone 138 5.0 0.54 0.46 .06 
8 137 4.7 1.06 0.99 .06 
9 138 4.9 2.18 1.75 .06 
10 Tensar SS1/Limestone 139 5.7 0.55 0.62 .06 
11 139 5.6 1.10 1.10 .06 
12 141 5.0 2.18 2.00 .06 
13 Crushed Limestone 138 5.0 0.65 0.70 .30 
14 140 4.9 1.29 1.27 .30 
15 138 5.2 2.21 2.30 .30 
16 Nicolon/Ksuper Marl 107 16.6 0.55 0.38 .06 
17 109 16.3 1.12 0.75 .30 
18 110 16.6 2.18 1.39 .30 
19 Tensar/Keuper Marl 106 16.5 0.55 0.48 .30 
20 109 16.2 1.10 0.95 .30 
21 111 16.3 2.10 1.48 .30 
22 Keuper Marl 105 16.8 0.54 0.47 .30 
23 107 16.9 1.07 0.75 .30 
24 108 16.4 2.20 1.30 .30 
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Figure 9. Results of Large Shear Box Test for Keuper Marl. 
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RESULT OF LARGE: SHEAR BOX TEST 
SAND AHD GRAVEL 
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Figure 11. Results of Large Shear Box Test for Sand and Gravel 
were continued until rupture occurred. Strain rates of 2 per 
cent per minute and 0.3 in.(7.6 mm) per minute for the 
geogrid and the geotextile respectively were used. The 
results of the tests for Tensar SS-1 (in the longitudinal 
direction) and Geolon 200 (a similar Dutch-manufactured 
product to Nicolon 125X) are shown on Figures 12 and 13 
respectively. 
4.2 Creep Testing  
All creep tests were carried out in isolation with no 
confining media. For each geosynthetic material, up to five 
separate tests, each with a different sustained load, were 
performed. For the Tensar geogrid, the maximum sustained 
load corresponded to 50% of the tensile strength of the 
geosynthetic material. All tests were carried out at 68 F 
(20 C) and, in most cases, lasted for 1000 hours. The 
loading frame for the unconfined creep test and the results 
of the two sets of tests are shown on Figures 14 to 16. 
5. Quality Control Tests 
The up-to-date results of the quality control tests are 
shown on Table 3 
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Figure 12. Results of Wide Width Tensile Test for Tensar SS-1 Geogrid 
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Figure 13. Results of Wide Width Tensile Test for Geolon 200 Geotextile 
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Figure 14. Creep Test Rig for Unconfined Specimen 
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6. Falling Weight Deflectometer Tests 
During the first three series of tests, over twenty tests 
were carried out in the Payment Test Facility (PTF) with the 
use of the Falling Weight Deflectometer (FWD). Tests were 
carried out directly on the granular base as well as on the 
asphaltic concrete. The results of these tests, however, 
appeared to be unsatisfactory due to the fact that very high 
deflections (in excess of 2500 microns) were obtained from 
the impact load of the FWD. The high deflections made the 
subsequent back analysis of stiffness of individual layers 
difficult and, in most cases, convergence was not possible. 
The test results were further complicated by the fact that 
the PTF was constructed on and surrounded by thick concrete 
which reflected abnormal signals to the geophones of the 
FWD. As a result, the shape of the recorded deflection bowl 
was different from those encountered outside the PTF. 
However, the consistency of the results proved to be 
encouraging and appeared to suggest that by modifying the 
back analysis computer program to suit the particular 
boundary conditions of the PTF, better results could be 
obtained. This latter suggestion is being studied at the 
moment. 
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NCHRP PROJECT 10-33 
POTENTIAL BENEFITS OF GEOSYNTHETICS IN 
FLEXIBLE PAVEMENT SYSTEMS 
INTRODUCTION 
Research Problem Statement  
Test results indicate that the tensile forces that can be developed in 
geotextiles and other geosynthetics, such as geomembranes and geogrids, 
hereinafter referred to collectively as geosynthetics, will increase the 
structural capacity and improve the performance potential of aggregate-
surfaced roads placed over very weak subgrades (i.e., CBR less than 2). 
Techniques have been demonstrated whereby geosynthetics can be tensioned 
either by prestretching the geosynthetic or by loading and developing ruts 
in the geosynthetic-aggregate system, before placing additional (leveling) 
aggregate base. 
The applicability of geosynthetics to higher type pavement systems 
- incorporating unbound granular pavement layer(s) with an asphalt surface 
(flexible pavement systems) needs to be studied to determine whether the 
structural capacity and performance potential can be improved. Although 
geosynthetics have been used to some extent in the unbound granular layers 
of higher type pavements, their behavior and influence on pavement 
performance are not well understood. Consequently, a number of questions 
must be answered before the feasibility of widespread use of geosynthetics 
in flexible pavement systems can be determined, for example: (1) What types 
of geosynthetics should be used and what properties of these geosynthetics 
must be specified? (2) Is prestressing geosynthetics necessary and 
practical? (3) Under what conditions do geosynthetics influence flexible 
pavement systems? (4) Can the benefits of geosynthetics be documented? 
Objective 
The objective of this study is to determine the feasibility of 
including geosynthetics on the subgrade or in the unbound layers to improve 
the performance of flexible pavement systems or to provide alternative 
designs for equal performance. 
SUMMARY OF PROGRESS 
Task 1 - Selected Analytical Models  - Complete 
Task 2 - Sensitivity Analysis  
A number of cross-anisotropic and nonlinear elastic analyses were 
carried out during the past quarter. The studies using the anisotropic 
model included (1) verification of the analytical models using the results 
of Test Series 3 from the University of Nottingham and (2) development of 
equivalent granular base thicknesses of geosynthetic reinforced sections. 
Equivalent sections are defined as having the same tensile strain in the 
bottom of the asphalt or the same vertical strain at the top of the subgrade 
as similar sections without geosynthetic reinforcement. Conditions analyzed 
included a number of different pavement geometrics, subgrade strength 
(CBE = 3, 5 and 10), geosynthetic stiffness, position of geosynthetic within 
the base and prestress effect. 
A comparison was made between the results measured in the Test Series 3 
at Nottingham and the cross-anisotropic model used to develop equivalent 
pavement designs. The results which are summarized in Table 1, indicate a 
fair agreement between computed and measured model pavement response. Good 
agreement was obtained between the measured and calculated tensile strain in 
the geosynthetic. It should be pointed out that few, if any, comparisons of 
this type involving a large number of different response variables have been 
made in the past, even where geosynthetics have not been employed. 
A relatively poor agreement was found between the measured and 
calculated radial tensile strain in the bottom of the asphalt concrete for 
the control section in Test Series 3. The measured value of tensile strain 
in the control section is believed to be too high. This hypothesis is based 
on the fact that the measured strain in the asphalt concrete for the control 
section in Test Series 2 was smaller than for the geosynthetic reinforced 
sections; perhaps this strain was too low. The analytical results indicate 
base reinforcement causes a relatively small decrease in tensile strain 
which would be hard to reliably measure in test sections. 
Selected analytical design results are presented in Appendix A. These 
results show that reinforcement with a geosynthetic can improve both the 
fatigue and rutting behavior of the section. Or, expressed slightly 
differently, a geosynthetic reinforced section can achieve the same level of 
performance with slightly reduced structural strengths. In the comparisons 
shown in Appendix A, the allowable decrease in structural section strength 
is expressed as a reduction in granular base thickness. 
Some specific findings from the analytical study are as follows: 
1. Light and moderate strength sections placed on a 
subgrade of CBR = 3 (E = 3500 psi) or less are most 
susceptible to improvement from reinforcement. A low 
stiffness geosynthetic (Sg < 1000 lbs/in.) is at most 
going to have very small beneficial effects on 
performance (Fig. 1 through 4, Appendix A). 
Geosynthetic reinforcement having equivalent stiffnesses 
of about 4,000 to 6,000 lbs/in. can give reductions in 
base thickness on the order of 1 to 2 in. For these 
sections tensile strain in the bottom of the asphalt 
concrete controls compared to vertical strain on the 
subgrade. Where rutting is a potential problem, the 
presence of the stiffer geosynthetics can potentially 
reduce total rutting by about 10 to 30 percent (Table 2, 
Appendix A). More reduction in rutting occurs, however, 
for the thinner sections on weak subgrades than for 
heavier sections on strong subgrades. 
2. Relatively thin pavements on a good subgrade (CBR = 10, 
E = 12,500 psi) show very little benefit from 
geosynthetic reinforcement even for reinforcement 
stiffnesses of 6,000 lbs/in. (Fig. 5, Appendix A). 
3. Consider the economics of reinforcing pavements having 
light to moderate structural sections constructed on a 
relatively weak subgrade (CBR = 3, E = 3,500 psi). 
Further use a geogrid with a stiffness of about 1,900 
lbs/in. The geogrid will probably perform better than a 
geotextile based on the experimental results of Test 
Series 4. Assume the geogrid costs inplace $1/yd 2 and 
performs about the same as a geotextile having a 
stiffness of 4,000 lbs/in. From Figure 1 the allowable 
reduction in granular base thickness, based on tensile 
strain controlling the design, would be about 1 to 1.3 
in. From Fig. 6 (Appendix A), the required inplace cost 
of stone base to make the geosynthetic economically 
comparable to stone would be about $15 per ton. The use 
of a grid reinforcement could help to decrease rutting, 
particularly if poorer materials were involved. 
Task 3 - Laboratory Experimental Study 
During this quarter Test Series 3 was completed. Also, all of the test 
results have now been analyzed and summarized. Some selected results from 
the final test series are given in Appendix B. Two significant findings 
from the final test series are as follows: 
1. The prestress section did best compared to the other two 
geosynthetic reinforced sections showing that 
prestressing does have structural benefits, particularly 
with respect to rutting. 
2. The geogrid reinforced section performed better than the 
section with the geotextile, even though the stiffness 
of the geogrid was about one-half that of the 
geotextile. This finding indicates that apparently 
aggregate interlock and/or interface slip play a role in 
reinforcement performance. 
Task 4 - Engineering Feasibility 
Work on this task proceeded smoothly. Emphasis was placed on 
interpreting and applying to practice the results of the analytical findings 
(refer to the discussion given in Task 2). 
Task 5 - Field Test Framework 
Work on this task has been essentially completed. Final test framework 
details will be developed in the near future now that the laboratory and 
analytical studies have for the most part been completed. 
Task 6 - Final Report 
The general write-up of the final report is progressing well with work 
having been concentrated during the past quarter on the laboratory test 
series which has now been completed. 
WORK PLANNED FOR NEXT QUARTER 
During the next quarter some final computer runs will be performed 
under Tasks 2 and 3 to complete extending the findings to practice. The 
draft final report should be completed in May and submitted for panel 
review. 
APPENDIX A 
Selected Theoretical Results 
Table 1. Comparison of Measured and Calculated Response for 
Nottingham Series 3 Test Sections. 
Condition 
	
Vert. Subg. Stress/Strain 	Strain Strain Bottom 	Strain Top of 	Geosynthetic 
Bottom 	of Base 	 Base 	 Def. 
A.C.
- 
Stress 	Strain 	cr (10
6) Radial 	Vert. 	Radial 	Vert. 	Strain 	Stressv
(in.) 
az (Psi) 
EV  (10-6) 
F
r
(10-6) cv (10-6 ) Er (10-6 ) E
v
(10-6 ) 	cabs/in) a(lbs/in) 	(2) 
CONTROL SECTION 	- 	NO GEOSYNTHETIC 
Measured -6.0 	 -8200 	2983 	6400
(1) 	-2000 	6000 	6600 	- 0.076 
Model 1 -4.6 -4357 1818 4334 -2033 2620 5300 - - 0.066 
Model 2 -4.6 	 -4674 	1950 	4670 	-2078 	2810 	5553 	- - 0.070 
GEOSYNTHETIC IN BOTTOM OF BASE 
Measured -6.6 	 -7400 	2355 	- 	-1500 	- 	-5400 	1413-1609 - 0.08 
Model 1 -3.6 -3260 1800 2599 -1930 2530 -5278 2065 10.3 0.060 
Model 2 -3.6 	 -3450 	1880 	2753 	-1973 	2610 	-5533 	2165 10.8 0.065 
GEOSYNTHETIC IN MIDDLE OF BASE 
Measured -6.1 	 -7300 	2198 	5900 	-1500 	5000 	-5600 	2103-2242 - 0.064 
Model 1 -3.2 -3963 1730 3167 -1660 2080 -4377 1862 9.3 0.060 
Model 2 -3.1 	 -3748 	1790 	1600 	-1280 	2260 	-4800 	1579 7.9 0.063 
Notes: 	1. Radial strain in base was originally 15,000p and decreased to 6400p at 70,000 repetitions. 
2. Resilient vertical deflections measured after 3500 passes. 
Table 2. Summary of Effect of Geosynthetic Stiffness 
on Relative Rutting in Granular Base and 
Subgrade: 2.5 in. AC Surfacing, CBR = 3 








Geosynthetic Stiffness, Sg (lbs./in. 
(Poor Base/Fair Subgrade) 
1000 4000 6000 
Bottom 15.3 -4 -11 -15 
11.92 -7 -19 -23 
9.75 -12 -28 -33 
1/3 UP 15.3 -4 -11 -14 
11.92 
9.75 -8 -22 -28 
2/3 UP 15.3 -4 -11 -15 
11.92 - _ 





























Design: 	2.5 in. 
Subgrade 
Required Base 
Thick. 18 kip 
Equiv. Axle Loads 
AC Surface 





















Base Thickness, T (in.) 
Figure 1. Approximate Reduction in Granular Base Thickness as a 
Function of Geosynthetic Stiffness for Constant Radial 
Strain in AC: 2.5 in. AC, Subgrade CBR= 3. 
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Design: 2.5 in. AC Surface 
















Base Thickness, T (in.) 
Figure 2 Approximate Reduction in Granular Base Thickness as a 
Function of Geosynthetic Stiffness for Constant 
Vertical Subgrade Strain: 2.5 in. AC, Subgrade 




























Design: 6.5 in. AC Surface 













8 	 12 	 16 	18 
Base Thickness, T (in.) 
Figure 3. Approximate Reduction in Granular Base Thickness as a 
Function of Geosynthetic Stiffness for Constant 
Radial Strain, in AC: 2.5 in AC, Subgrade CBR = 3. 






Base Thickness, T (in.) 
Figure 4. Approximate Reduction in Granular Base Thickness as a 
Function of Geosynthetic Stiffness for Constant 
Vertical Subgrade Strain: 6.5 in. AC, Subgrade 





Design: 6.5 in. AC Surface 


















































Base Thickness, T (in.) 
Figure 5. Approximate Reduction in Granular Base Thickness as a 
Function of Geosynthetic Stiffness for Constant 
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6 
Minimum Required Stone Base Thickness 
Reduction, AT (inches) 
Figure 6. Break-Even Cost of Geosynthetic for Given Savings in 
Stone Base Thickness and Stone Cost. 
APPENDIX B 
Selected Laboratory Test Results 
Test Series 4 
Notation Used on Figures 
GX = Geotestile 
GD = Geogrid, No Prestress 
PS = Prestressed, Geogrid 














FIG, 41 PERMANENT VERTICAL DEFORMATION 
(WHOLE PAVEMENT — 4th SERIES) 
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FIG. 4.2 PERMANENT VERTICAL DEFORMATION 
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FIG. 4.3 PERMANENT VERTICAL DEFORMATION 
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FIG. 4.13 VERTICAL PERMANENT STRAIN 
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ABSTRACT 
This study was primarily concerned with the geosynthetic reinforcement 
of an aggregate base of a surfaced, flexible pavement. Separation, 
filtration and durability were also considered. Specific methods of 
reinforcement evaluated included (1) reinforcement placed within the base, 
(2) prestressing the aggregate base by pretensioning a geosynthetic, and (3) 
prerutting the aggregate base with and without reinforcement. Both large-
scale laboratory pavement tests and an analytical sensitivity study were 
conducted. A linearly elastic finite element model having a cross-
anisotropic aggregate base gave a slightly better prediction of response 
than a nonlinear finite element model having an isotropic base. 
The greatest benefit of reinforcement appears to be due to small 
changes in radial stress and strain in the base and upper 12 in. of the 
subgrade. Greatest improvement occurs when the material is near failure. A 
geogrid performed considerably better than a much stiffer woven geotextile; 
geogrid stiffness should be at least 1500 lbs/in. Reinforcement appears to 
be effective for reducing rutting in light sections (SN < 2.5 to 3) placed 
on weak subgrades (CBR < 3). Both prerutting and prestressing the aggregate 
base were found experimentally to significantly reduce permanent 
deformations. Prerutting without reinforcement gave performance equal to 
that of prestressing, and significantly better than just reinforcement. 




This study was primarily concerned with the geosynthetic reinforcement 
of an aggregate base of a surfaced, flexible pavement. Specific methods of 
improvement evaluated included (1) geotextile and geogrid reinforcement 
placed within the base, (2) prestressing the aggregate base by means of 
pretensioning a geosynthetic, and (3) prerutting the aggregate base either 
with or without geosynthetic reinforcement. The term geosynthetic as used 
in this study means either geotextiles or geogrids manufactured from 
polymers. 
REINFORCEMENT 
Both large-scale laboratory pavement tests and an analytical 
sensitivity study were conducted. The analytical sensitivity study 
considered a wide range of pavement structures, subgrade strengths and 
geosynthetic stiffnesses. The large-scale pavement tests consisted of a 1.0 
to 1.5 in. (25-38 mm) thick asphalt surfacing placed over a 6 or 8 in. (150-
200 mm) thick aggregate base. The subgrade was a silty clay subgrade having 
a CBR of about 2.5. A 1500 lb. (6.7 kN) moving wheel load was employed in 
the laboratory experiments. 
Analytical Modeling. Extensive measurements of pavement response from this 
study and also a previous one were employed to select the most appropriate 
analytical model for use in the sensitivity study. The accurate prediction 
of tensile strain in the bottom of the base was found to be very important. 
Larger strains cause greater forces in the geosynthetic and more effective 
reinforcement performance. A linearly elastic finite element model having a 
cross-anisotropic aggregate base was found to give a slightly better 
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prediction of tensile strain and other response variables than a nonlinear 
finite element model having an isotropic base. The resilient modulus of the 
subgrade was found to very rapidly increase with depth. The low resilient 
modulus existing at the top of the subgrade causes a relatively large 
tensile strain in the bottom of the aggregate base, and hence much larger 
forces in the geosynthetic than for a subgrade whose resilient modulus is 
constant with depth. 
Mechanisms of Reinforcement. The effect of geosynthetic reinforcement on 
stress, strain and deflections are all relatively small for pavements 
designed to carry more than about 200,000 equivalent 18 kip (80 kN) single 
axle loads. As a result, geosynthetic reinforcement of an aggregate base 
will have relatively little effect on overall pavement stiffness. A modest 
improvement in fatigue life can be gained from geosynthetic reinforcement. 
The greatest beneficial effect of reinforcement appears to be due to small 
changes in radial stress and strain together with slight reductions of 
vertical stress in the aggregate base and on top of the subgrade. 
Reinforcement of a thin pavement (SN = 2.5 to 3) on a weak subgrade (CBR < 
3) potentially can significantly reduce the permanent deformations in the 
subgrade and/or the aggregate base. As the strength of the pavement section 
increases and/or the materials become stronger, the state of stress in the 
aggregate base and the subgrade moves away from failure. As a result, the 
improvement caused by reinforcement rapidly becomes small. Reductions in 
rutting due to reinforcement occur in only about the upper 12 in. (300 mm) 
of the subgrade. Forces developed in the geosynthetic are relatively small, 
typically being _less than about 30 lbs/in. (0.37 N/m). 
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Type and Stiffness of Geosynthetic. The experimental results indicate that 
a geogrid having an open mesh has the reinforcing capability of a woven 
geotextile having a stiffness approximately 2.5 times as great as the 
geogrid. From the experimental and analytical findings, the minimum 
stiffness to be used for aggregate base reinforcement applications should be 
about 1500 lbs/in. (1.8 kN/m) for geogrids and 4000 lbs/in. (4.3-4.9 kN/m) 
for woven geotextiles. 
Reinforcement Improvement. 	Light to moderate strength sections placed on 
weak subgrades having a CBR < 3 (E s .‘ 3500 psi; 24 MN/m2 ) are most likely to 
be improved by geosynthetic reinforcement. The structural section in 
general should have AASHTO structural numbers no greater than about 2.5 to 3 
if reduction in subgrade rutting is to be achieved by geosynthetic 
reinforcement. 	As the structural number and subgrade strength decreases 
below these values, the improvement in performance due to reinforcement 
should rapidly become greater. Strong pavement sections placed over good 
subgrades would not in general be expected to show any significant level of 
improvement due to geosynthetic reinforcement of the type studied. Also, 
sections with asphalt surface thicknesses much greater than about 2.5 to 3.5 
in. (64-90 mm) would in general be expected to exhibit relatively little 
improvement even if placed on relatively weak subgrades. 
Improvement Levels. 	Light sections on weak subgrades reinforced with 
geosynthetics having equivalent stiffnesses of about 4000 to 6000 lbs/in. 
(4.9-7.3 kN/m) can give reductions in base thickness on the order of 10 to 
20 percent based on equal strain criteria in the subgrade and bottom of the 
asphalt surfacing. For light sections this corresponds to actual reductions 
in base thickness of about 1 to 2 in. (25-50 mm). For weak subgrades and/or 
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low quality bases, total rutting in the base and subgrade of light sections 
might under ideal conditions be reduced on the order of 20 to 40 percent. 
Considerably more reduction in rutting occurs for the thinner sections on 
weak subgrades than for heavier sections on strong subgrades. 
Low Quality Base. 	Geosynthetic reinforcement of a low quality aggregate 
base can, under the proper conditions, reduce rutting. The asphalt surface 
should in general be less than about 2.5 to 3.5 in. (64-90 mm) in thickness 
for the reinforcement to be most effective. 
Geosynthetic Position. 	For light pavement sections constructed with low 
quality aggregate bases, the reinforcement should be in the middle of the 
base, particularly if a good subgrade is present. For pavements constructed 
on soft subgrades, the reinforcement should probably be placed at or near 
the bottom of the base. This would be particularly true if the subgrade is 
known to have rutting problems, and the base is of high quality and well 
compacted. 
PRERUTTING AND PRESTRESSING 
Both prerutting and prestressing the aggregate base were found 
experimentally to significantly reduce permanent deformations within the 
base and subgrade. Stress relaxation over a long period of time, however, 
might significantly reduce the effectiveness of prestressing the aggregate 
base. The laboratory experiments indicate prerutting without reinforcement 
should give performance equal to that of prestressing, and significantly 
better performance compared to the use of stiff to very stiff, non-
prestressed reinforcement. The cost of prerutting an aggregate ba'e at one 
level would be on the order of 25 percent of the inplace cost of a stiff 
geogrid (Sg  = 1700 lbs/in.; 2.1 kN/m). The total expense associated with 
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prestressing an aggregate base would be on the order of 5 and more likely 10 
times that of prerutting the base at one level when a geosynthetic 
reinforcement is not used. Full-scale field experiments should be conducted 
to more fully validate the concept of prerutting, and develop appropriate 
prerutting techniques. 
SEPARATION AND FILTRATION 
Separation problems involve the mixing of an aggregate base/subbase 
with the underlying subgrade. They usually occur during construction of the 
first lift of the granular layer. Large, angular open-graded aggregates 
placed directly upon a soft or very soft subgrade are most critical with 
respect to separation. Either a sand or a geotextile filter can usually be 
used to maintain a reasonably clean interface. Both woven and nonwoven 
geotextiles have been found to adequately perform the separation function. 
When an open-graded drainage layer is placed above the subgrade, the 
amount of contamination due to fines moving into this layer must be 
minimized by use of a filter. A very severe environment with respect to 
subgrade erosion exists beneath a pavement which includes reversible, 
possibly turbulent flow conditions. The severity of erosion is greatly 
dependent upon the structural thickness of the pavements, which determines 
the stress applied to the subgrade. Sand filters generally perform better 
than geoextile filters, although satisfactorily performing geotextiles can 
usually be selected. Thick nonwoven geotextiles perform better than thin 
nonwovens or wovens, partly because of their three-dimensional effect. 
DURABILITY 
Under favorable conditions the loss of strength of typical 
geosynthetics should be on the order of 30 percent in the first 10 years; 
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because of their greater thickness, geogrids might exhibit a lower strength 
loss. For separation, filtration and pavement reinforcement applications, 
geosynthetics, if selected to fit the environmental conditions, should 
generally have a 20 year life. For reinforcement applications geosynthetic 
stiffness is the most important structural consideration. Some 
geosynthetics become more brittle with time and actually increase in 




INTRODUCTION AND RESEARCH APPROACH 
The geotextile industry in the United States presently distributes 
about 2000 million square yards (1.7 x 10 9 m2 ) of geotextiles annually. 
Growth rates in geotextile sales during the 1980's have averaged about 20 
percent each year. Both nonwoven and woven geotextile fabrics are made from 
polypropylene, polyester, nylon and polyethylene. These fabrics have widely 
varying material properties including stiffness, strength, and creep 
characteristics [1] (1) . More recently polyethylene and polypropylene 
geogrids have been introduced in Canada and then in the United States [2]. 
Geogrids are manufactured by a special process, and have an open mesh with 
typical rib spacings of about 1.5 to 4.5 inches (38-114 mm). The 
introduction of geogrids which are stiffer than the commonly used 
geotextiles has lead to the use of the general term "geosynthetic" which 
includes both geotextiles and geogrids. 
Because of their great variation in type, composition, and resulting 
material properties, geotextiles have a very wide application in civil 
engineering in general and transportation engineering in specific. Early 
civil engineering applications of geosynthetics were primarily for drainage, 
erosion control and haul road or railroad construction [3,4]. With time 
many new uses for geosynthetics have developed including the reinforcement 
of earth structures such as retaining walls, slopes and embankments [2,5,6]. 
1. The numbers given in brackets refer to the references presented in 
Appendix A. 
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The application of geosynthetics for reinforcement of many types of 
earth structures has gained reasonably good acceptance in recent years. 
Mitchell, et al. [6] have recently presented an excellent state-of-the-art 
summary of the reinforcement of soil structures including the use of 
geosynthetics. 
A number of studies have also been performed to evaluate the use of 
geosynthetics for overlays [7-11]. Several investigations have also been 
conducted to determine the effect of placing a geogrid within the asphalt 
layer to prolong fatigue life [12,13]. The results of these studies appear 
to be encouraging, particularly with respect to the use of stiff geogrids as 
reinforcement in the asphalt surfacing. 
Considerable interest presently exists among both highway engineers and 
manufacturers for using geosynthetics as reinforcement for flexible 
pavements. At the present time, however, relatively little factual informa-
tion has been developed concerning the utilization of geosynthetics as 
reinforcement in the aggregate base. An important need presently exists for 
establishing the potential benefits that might be derived from the 
reinforcement of the aggregate base, and the conditions necessary for 
geosynthetic reinforcement to be effective. 
OBJECTIVES OF RESEARCH 
One potential application of geosynthetics is the improvement in 
performance of flexible pavements by the placement of a geosynthetic either 
within or at the bottom of an unstabilized aggregate base. The overall 
objective of this research project is to evaluate from both a theoretical 
and practical viewpoint the potential structural and economic advantages of 
geosynthetic reinforcement within a granular base of a surfaced, flexible 
pavement structure. The specific objectives of the project are as follows: 
S 
1. Perform an analytical sensitivity study of the influence 
due to reinforcement of pertinent design variables on 
pavement performance. 
2. Verify using laboratory tests the most promising 
combination of variables. 
3. Develop practical guidelines for the design of flexible 
pavements having granular bases reinforced with 
geosynthetics including economics, installation and 
longterm durability aspects. 
4. Develop a preliminary experimental plan including layout 
and instrumentation for conducting a full-scale field 
experiment to verify and extend to practice the most 
promising findings of this study. 
RESEARCH APPROACH 
To approach this problem in a systematic manner, consideration had to 
be given to the large number of factors potentially affecting the overall 
longterm behavior of a geosynthetic reinforced, flexible pavement structure. 
Of these factors the more important ones appeared to be geosynthetic type, 
stiffness and strength, geosynthetic location within the aggregate base, and 
the overall strength of the pavement structure. Longterm durability of the 
geosynthetic was also felt to be an important factor deserving 
consideration. 	Techniques to potentially improve geosynthetic performance 
within a pavement deserving consideration in the study included (1) 
prestressing the aggregate layer using a geosynthetic, and (2) prerutting 
the geosynthetic. The potential effect on performance of geosynthetic slack 
which might develop during construction and also slip between the 
geosynthetic and surrounding materials were also included in the study. 
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The potential importance of all of the above factors on pavement 
performance clearly indicates geosynthetic reinforcement of a pavement is a 
quite complicated problem. Further, the influence of the geosynthetic 
reinforcement is relatively small in terms of its effect on stresses and 
strains within the pavement. As a result, caution must be exercised in a 
study of this type in distinguishing between conditions which will and will 
not result in improved performance due to reinforcement. 
The general research approach taken is summarized in Figure 1. First 
the most important variables affecting geosynthetic performance were 
identified, including both design and construction related factors. Then an 
analytical sensitivity study was conducted followed by large-scale 
laboratory tests. Emphasis in the investigation was placed on identifying 
the mechanisms associated with reinforcement and their effect upon the 
levels of improvement. 
The analytical sensitivity studies permitted carefully investigating 
the influence on performance and design of all the important variables 
identified. 	The analytical studies were essential for extending the 
findings to include practical pavement design considerations. 
The large-scale laboratory tests made possible not only verifying the 
general concept and mechanisms of reinforcement, but also permitted 
investigating in an actual pavement factors such as prerutting and 
prestressing of the geosynthetic which are hard to reliably model 
theoretically, and hence require verification. 
A nonlinear, isotropic finite element pavement idealization was 
selected for use in the sensitivity study. This analytical model permitted 
the inclusion of a geosynthetic reinforcing membrane at any desired location 
within the aggregate layer. 	As the analytical study progressed, feedback 
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from the test track study and another previous laboratory investigation 
showed that adjustments in the analytical model were required to yield 
better agreement with observed response. This important feedback loop thus 
improved the accuracy and reliability of the analytical results. As a 
result, a linear elastic, cross-anisotropic model was employed for most of 
the sensitivity study which agreed reasonably well with the observed 
experimental test section response. 	Lateral tensile strain developed in 
the bottom of the aggregate base and the tensile strain in the geosynthetic 
were considered to be two of the more important variables used to verify the 
cross-anisotropic model. 
The analytical model was employed to develop equivalent pavement 
structural designs for a range of conditions comparing geosynthetic 
reinforced sections with similar non-reinforced ones. The equivalent 
designs were based on maintaining the same strain in the bottom of the 
asphalt surfacing and the top of the subgrade. Permanent deformation in 
both the aggregate base and the subgrade was also evaluated. The analytical 
results were then carefully integrated together with the large-scale 
laboratory test studies. A detailed synthesis of the results was then 
assembled drawing upon the findings of both this study and previous 
investigations. This synthesis includes all important aspects of 
reinforcement such as the actual mechanisms leading to improvement, the role 
of geosynthetic stiffness, equivalent structural designs and practical 
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Figure 1. General Approach Used Evaluating Geosynthetic 





The potential beneficial effects are investigated in this Chapter of 
employing a geosynthetic as a reinforcement within a flexible pavement. The 
only position of the reinforcement considered is within an unstabilized 
aggregate base. Presently the important area of reinforcement of pavements 
is rapidly expanding, perhaps at least partially due to the emphasis 
presently being placed in this area by the geosynthetics industry. 
Unfortunately, relatively little factual information is now available with 
which the designer can reliably access the proper utilization of 
geosynthetics for pavement reinforcement applications. 
The potential beneficial effects of aggregate base reinforcement are 
investigated in this study using both an analytical finite element model, 
and by a large scale laboratory test track study. The analytical 
investigation permits considering a very broad range of variables including 
developing structural designs for reinforced pavement sections. The 
laboratory investigation was conducted to verify the general analytical 
approach, and to also study important selected reinforcement aspects in 
detail using simulated field conditions including a moving wheel loading. 
The important general pavement variables considered in this phase of 
the investigation were as follows: 
1. Type and stiffness of the geosynthetic reinforcement. 
2. Location of the reinforcement within the aggregate base. 
3. Pavement thickness. 
4. Quality of subgrade and base materials as defined by their 
resilient moduli and permanent deformation characteristics. 
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5. Slip at the interface between the geosynthetic and surround 
materials. 
6. Influence of slack left in the geosynthetic during field 
placement. 
7. Prerutting the geosynthetic as a simple means of removing slack 
and providing a prestretching effect. 
8. Prestressing the aggregate base using a geosynthetic as the 
pretensioning element. 
Potential improvement in performance is evidenced by an overall 
reduction in permanent deformation and/or improvement in fatigue life of the 
asphalt surfacing. For the test track study, pavement performance was 
accessed primarily by permanent deformation including the total amount of 
surface rutting, and also the individual rutting in the base and subgrade. 
In the analytical studies equivalent pavement designs were developed for 
geosynthetic reinforced structural sections compared to similar sections 
without reinforcement. Equivalent sections were established by requiring 
equal tensile strain in the bottom of the asphalt layer for both sections; 
constant vertical subgrade strain criteria were also used to control 
subgrade rutting. Finally, an analytical procedure was also employed to 
evaluate the effects of geosynthetic reinforcement on rutting permanent 
deformations. A detailed synthesis and interpretation of the many results 
presented in this chapter is given in Chapter III. 
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LITERATURE REVIEW - REINFORCEMENT OF ROADWAYS 
UNSURFACED ROADS 
Geosynthetics are frequently used as a reinforcing element in 
unsurfaced haul roads. Tests involving the reinforcement of unsurfaced 
roads have almost always shown an improvement in performance. These tests 
have been conducted at the model scale in test boxes [3,13,14], in large 
scale test pits [16-20], and full-scale field trials [21-26]. 	The 
economics of justifying the use of a geosynthetic must, however, be 
considered for each application [26]. Beneficial effects are greatest when 
construction is on soft cohesive soils, typically characterized by a CBR 
less than 2. Although improved performance may still occur, it is usually 
not as great when stronger and thicker subbases are involved [24]. 
Mechanisms of Behavior  
Bender and Barenberg [3] studied both analytically and in the 
laboratory the behavior of soil-aggregate and soil-fabric-systems. The 
following four principle mechanisms of improvement were identified by by 
Bender and Barenberg when a geosynthetic is placed between a haul road fill 
and a soft subgrade: 
1. confinement and reinforcement of the fill layer 
2. confinement of the subgrade 
3. separation of the subgrade and fill layer, and 
4. prevention of the contamination of the fill by fine 
particles. 
Also, the reinforcement of the fill layer was attributed primarily to the 
high tensile modulus of the geotextile element. This finding would of 
course apply for either geotextile or geogrid reinforcement. 
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Bender and Barenberg [3] concluded for relatively large movements, a 
reinforcing element confines the subgrade by restraining the upheaval 
generally associated with a shear failure. Confinement, frequently referred 
to as the tensioned membrane effect, increases the bearing capacity of the 
soil as illustrated in Figure 2. The importance of developing large rut 
depths (and hence large fabric strain) was later confirmed by the work of 
Barenberg [27] and Sowers, et al., [28]. The work of Bender and Barenberg 
[3] indicated that over ground of low bearing capacity having a California 
Bearing Ratio (CBR) less than about 2, the use of a geotextile could enable 
a 30 percent reduction in aggregate depth. Another 2 to 3 inch (50-70mm) 
reduction in base thickness was also possible since aggregate loss did not 
occur during construction of coarse, uniform bases on very soft subgrades. 
Later work by Barenberg [27] and Lai and Robnett [29] emphasized the 
importance of the stiffness of the geotextile, with greater savings being 
achieved with the use of a stiffer reinforcement. 
Structural Performance - Full-Scale Experimental Results  
Relatively few full-scale field tests have been conducted to verify the 
specific mechanisms which account for the observed improvement in 
performance of geosynthetic reinforced haul type roads. Ramalho-Ortigao and 
Palmeira [26] found for a geotextile reinforced haul road constructed on a 
very soft subgrade that approximately 10 to 24 percent less cohesive fill 
was required when reinforcement was used. Webster and Watkins [25] observed 
for a firm clay subgrade that one geotextile reinforcement increased the 
required repetitions to failure from 70 to 250 equivalent 18-kip (80 kN) 
axle loads; use of another geotextile increased failure to 10,000 
repetitions. Ruddock, et al. [21] found plastic strains in the subgrade to 
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recommendation was made that no reduction in aggregate thickness should be 
allowed. 
SURFACE PAVEMENTS 
For surfaced pavements which undergo a small level of permanent 
deformation, the important reinforcing effects observed in unsurfaced haul 
roads are considerably less apparent. To be effective as a reinforcing 
element, the geosynthetic must undergo tensile strain due either to lateral 
stretching or else large permanent deformations. Theoretical studies by 
Thompson and Raad [32], Vokas and Stoll [33] and Barksdale and Brown [34] 
indicate that for low deformation pavements, the resilient surface 
deflections and also resilient stresses and strains within the pavement 
structure are only slightly reduced by the inclusion of a reinforcing 
element. Both a laboratory study by Barvashov et al. [35] and a theoretical 
study by Raad [36], however, have shown that prestressing the aggregate 
layer using a membrane greatly alters the stress state and potentially could 
result in improved pavement performance. 
A full scale field study by Ruddock et al. [21,30] on a reasonably 
heavy pavement section with a moderately thick bituminous surfacing has 
shown reinforcement to have little measurable effect on resilient pavement 
response. Further, a large scale laboratory study by Brown et al. [37] not 
only agreed with this finding, but even indicated that greater permanent 
deformations could occur as a result of geotextile reinforcement. These 
results are supported by the work of Barker [38] and also Forsyth et al. 
[39] whose findings indicate no measurable increase in pavement stiffness 
due to reinforcement. 
In apparent conflict with these findings, several studies have 
indicated that under the proper conditions geosynthetic reinforcement can 
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result in improved performance. Pappin [23] has reported a pavement 
reinforcing experiment carried out in New South Wales. A stiff geogrid was 
placed at the bottom of an aggregate base of a pavement surfaced with a 0.4 
in.(10 mm) thick asphaltic seal. The road experienced considerably reduced 
permanent surface deformations, but dynamic response was unchanged by the 
presence of the geogrid. A field investigation by Barker [37] and a 
laboratory study by Penner et al., [40] have also shown that geogrid 
reinforcement can result in reduced permanent deformations. A recent study 
by van Grup and van Hulst [41] involved placing a steel mesh at the 
interface between the asphalt and the aggregate base. The primary effect on 
pavement response was an important reduction in tensile strain in the bottom 
of the asphalt, and hence the potential for improvement in fatigue 
performance. 
The above findings appear to be somewhat conflicting, and clearly 
demonstrate that additional study is required to define the mechanisms and 
level of improvement associated with geosynthetic reinforced flexible 
pavements. A more detailed summary of some of the experimental findings 
involving geosynthetic reinforcement is given in the following subsections. 
This discussion could, if desired, be skipped without loss of continuity. 
Field Tests - Thick Bituminous Surfacing 
Full-scale experiments conducted by Ruddock, Potter and McAvoy [21,30] 
included two sections having a 6.3 in. (160 mm) thick bituminous surfacing 
and a 12 in. (300 mm) thick crushed granite base. One of these sections had 
a woven multi-filament polyester geotextile reinforcement in the bottom of 
the granular base. the woven geotextile had a strength of about 474 lb./in. 
(83 kN/m) in each direction, and an elongation at failure of 14.8 percent. 
The geotextile used was stiff (S g @ 5 percent 1 3400 lbs/in., 600 kN/m) and 
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had an elastic modulus of about 72,000 lbs/in. 2 (500 kN/m2 ). The 
geosynthetic stiffness S g is defined as the force applied per unit length of 
geosynthetic divided by the resulting strain. 
The sections were constructed on a London clay subgrade having a CBR 
increasing with depth from about 0.7 percent at the top to 3.5 percent at a 
depth of 11.8 in. (300 mm). Loading was applied by a two-axle truck having 
dual rear wheels. A rear axle load of 21.9 kips (97.5 kN) was applied for 
4600 repetitions, with the axle loading being increased to 30 kips (133 kN) 
for an additional 7700 passes. 
Measurements made included surface deformations, transient stress and 
strain in the subgrade, permanent strain in the geotextile, and transient 
tensile strain in the bottom of the bituminous layer. For the conditions of 
the test which included a 6.3 in (160 mm) bituminous surfacing, no 
difference in structural performance was observed between the geotexile 
reinforced sections and the control section. Ruddock et al. found in the 
trials at Sandleheath, that resilient vertical subgrade stresses and strains 
were not significantly changed by fabric inclusions, although transverse 
resilient strains were somewhat reduced. To demonstrate if some improvement 
in permanent deformation could be achieved due to reinforcement, the 
pavement should have been loaded sufficiently to cause rutting to develop. 
Because of the use of a thick bituminous surfacing, however, it is doubtful 
that the conclusions reached would have been significantly changed. 
Field Tests - Geogrid and Heavy Loading  
Recently, Barker [38] has studied the performance of a pavement having 
an open-f,raded, unstabilized aggregate base reinforced by a stiff to very 
stiff geogrid. The geogrid was placed at the center of the aggregate base. 
The test sections consisted of a 3 in. (75 mm) asphalt surfacing overlying a 
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6 in. (150 mm) thick, very open-graded base consisting of No. 57 crushed 
limestone. A 6 in. (150 mm) cement stabilized clay-gravel subbase was 
constructed to provide a strong working platform for the open-graded base. 
The subgrade was a sandy silt having a CBR of 27 percent. 
The granular base, even after compaction, was loose and unstable to 
most traffic. An unstable base of this type would appear to be a good 
candidate for reinforcing with the stiff geogrid. This geogrid used had a 
secant stiffness at 5 percent strain of about 4,000 lbs./in. (700 kN/m). 
The pavement was subjected to 1,000 repetitions of a heavy moving 
aircraft load. The 27-kip (120 kN) load applied to the pavement consisted 
of a single tire inflated to 265 psi (1.8 MN/m 2 ). The pavement was 
trafficked over a 60 in. (1.5 m) width. Falling weight deflectometer (FWD) 
tests showed the stiff to very stiff reinforcement did not affect the 
measured FWD deflection basins throughout the experiment. This finding 
indicates similar stiffnesses and effective layer moduli of the reinforced 
and unreinforced sections. The general condition of the two pavements 
appeared similar after 1,000 load repetitions. Maximum observed rutting of 
the reinforced section was about 8 percent less than the unreinforced 
section at a rut depth of 1 in. (25 mm), and about 21 percent less at a rut 
depth of 2 in. (50 mm) as shown in Figure 3. Subsequent trench studies 
indicated that most of the permanent deformation occurred in the subgrade 
and not the base. 
The non-conventional pavement section studied at WES had (1) a very 
open-graded granular base, (2) a cement stabilized supporting layer and (3) 
was subjected to a very high wheel load and tire pressure. Also, the 
reinforcement was placed in the middle of the granular base. These factors 
greatly complicate translating the test results to conventional pavements. 
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For this well constructed pavement, important reductions in permanent 
deformations occurred due to reinforcement only after the development of 
relatively large permanent deformations. The reinforcement was placed at 
the center of the aggregate base to improve its performance. Rutting, 
however, primarily occurred in the subgrade. Better performance might have 
been obtained had the reinforcement been placed at the bottom of the base. 
Steel Mesh Reinforcement  
A hexagonal wire netting of steel was placed at the interface between a 
crushed rubble aggregate base and the asphalt surfacing in a large scale 
test track experiment described by van Grup and van Hulst [41]. The asphalt 
surfacing was 2.4 in. (60 mm) thick, and the aggregate base varied in 
thickness from 8 to 16 in. (200-400 mm). The subgrade consisted of a 
compacted, coarse sand. A summary of the test conditions is given in Table 
1, and the rutting which developed as a function of load repetitions is 
given in Figure 4. 
Reinforcement of a weak section which did not have an aggregate base 
resulted in a 40 percent reduction in rutting at about 0.5 in (12 mm) rut 
depth. Reinforcement made little difference in rutting performance for the 
stronger sections having rubble aggregate bases. About an 18 percent 
reduction in tensile strain was, however, observed in the bottom of the 
asphalt surfacing. This large level of reduction in strain, if permanent, 
would have a very significant beneficial effect on fatigue performance. 
Large-Scale Laboratory Tests - Low Stiffness, Nonwoven Geotextiles  
Brown, et al. [37] investigated the effect of the placement of a 
nonwoven geotextile within and at the bottom of the aggregate base of 
bituminous surfaced pavements. Seven different reinforced sections were 
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Loading Time : 0.2 
Force : 6 kN 
Table 1 
Summary of Permanent Deformation in Full-Scale 
Pavement Sections on a Compacted Sand Subgrade 
LAYER 
LAYER THICKNESSES AND PERMANENT 
DEFORMATION OF SECTIONS (in.) 
1 2 3 4 5 6 
Dense Asphaltic Concrete 2.4 2.4 2.4 2.4 2.4 2.4 
Steel Mesh Reinf./ @ NO NO NO NO YES YES 
Top of Base 
Crushed Rubble 0 7.9 11.8 15.7 11.8 0 
Sand 47.2 39.3 35.4 31.5 47.2 35.4 
Clayey Sand - - - - - - 
Permanent Surface 
Deformation (in.) 1.3 0.55 0.44 0.55 0.49 0.98 
@ 140,000 Reps. 
Note: 1. The steel mesh reinforcement was placed at the aggregate 
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Figure 4. Comparison of Strain at Bottom of Asphalt Surfacing With 
and Without Mesh Reinforcement (After Van Grup and Van 
Hulst, Ref. 41). 
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studied; for each condition a similar control section was also tested 
without reinforcement. A moving wheel load was used having a magnitude of 
up to 3.4 kip (15 kN). The bituminous surfacing of the seven test sections 
varied in thickness from 1.5 to 2.1 in. (37-53 mm). The crushed limestone 
base was varied in thickness from 4.2 to 6.9 in. (107-175 mm). The 
pavements rested on a silty clay subgrade having a CBR that was varied from 
2 to 8 percent. 
Two very low to low stiffness, nonwoven, melt bonded geotextiles were 
used in the study. These geotextiles had a secant stiffness at one percent 
strain of about 1270 lbs./in. (220 kN/m) and 445 lbs/in. (78 kN/m). 
The inclusion of the nonwoven geotextiles in the aggregate base in most 
tests appeared to cause a small increase in rutting (Figure 5a), and no 
increase in effective elastic stiffness of the granular layer. Both 
vertical and lateral resilient and permanent strains were also found to be 
greater in the base and subgrade of all of the reinforced sections (Figure 
5b). The experiments included placing the geotextiles within the granular 
layer, and using geotextiles strengthened by stitching. Two layers of 
reinforcement were also employed in some tests. 
The poor performance of the reinforced sections was attributed to a 
lack of adequate aggregate interlock between the base and the geotextiles. 
In light of more recent findings, the relatively low geosynthetic stiffness 
probably also helps to explain the results. Maximum surface rutting was 
less than about 1 in. (25 mm), which resulted in relatively small strains in 
the geosynthetic. Finally, several factors suggest compaction of the 
aggregate above the geosynthetic may not have been as effective when the 
geotextile was present. 
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Figure 5. Deflection and Lateral Strain Measured in Nottingham 
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Large-Scale Laboratory Tests Using Stiff Geogrids  
Penner, et al. [40] studied in the laboratory the behavior of geogrid 
reinforced granular bases using a shallow plywood box 3 ft. (0.9 m) deep. 
The secant stiffness, S g at 5 percent strain of the geogrid used in the 
experiment was about 1780 lbs/in. (312 kN/m). A stationary, 9 kip (40 kN) 
cyclic load was applied through a 12 in. (300 mm) diameter plate. The 
asphalt surface thickness was either 3 or 4 in. (75 or 100 mm). 
The aggregate base was well-graded and was varied in thickness from 4 
to 12 in. (100-300 mm). The base had a reported insitu CBR value of 18 
percent; laboratory CBR testing indicated a CBR value of 100 percent or 
more. The subgrade was a fine beach sand having a CBR of typically 4 to 8 
before the tests. After testing, the CBR of Loop 3 was found to have 
increased by a factor of about 2 or even more. An increase in CBR might 
also have occurred in other sections although the researchers assumed for 
analyzing test results an increase did not occur. In one series of tests, 
peat was mixed with the fine sand at a high water content to give a very 
weak subgrade having an initial CBR of only 0.8 to 1.2 percent. 
Placement of the geogrid within the granular base was found to result 
in a significant reduction in pavement deformation when placed in the middle 
or near the bottom of the base. Little improvement was observed when the 
reinforcement was located at the top of the base. 
For one section having an 8 in. (200 mm) granular base and 3 in. (75 
mm) asphalt surfacing, sections having geogrid reinforcement at the bottom 
and midheight exhibited only about 32 percent of the 0.6 in. (15 mm) 
deformation observed in the unreinforced section. Important improvements in 
performance were found in this test for deformations of the reinforced 
section as small as 0.2 in. (5 mm). In contrast with the above findings, 
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use of geogrid reinforcement in under-designed sections on weak subgrades 
showed no apparent improvement until permanent deformations became greater 
than roughly 1 in. (25 mm). 
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ANALYTICAL STUDY 
The analytical study was performed using a comprehensive finite element 
program called GAPPS7. The GAPPS7 finite element program was developed 
previously to predict the response of surfaced or unsurfaced pavements 
reinforced with a geosynthetic [16,43]. Both a nonlinear elastic-plastic 
model and a linear, cross-anisotropic model were used to idealize selected 
pavement sections reinforced with a geosynthetic. The cross-anisotropic 
model was found to in general give better agreement with observed pavement 
response than the isotropic, nonlinear model. As a result the cross-
anisotropic formulation was selected after considerable study as the primary 
model for this study. 
The stiffness of a geosynthetic used for pavement reinforcement 
applications is an important but often underrated or overlooked aspect that 
has a considerable effect upon the ability of reinforcement to improve 
performance. The stiffness of the geosynthetic, S g  can be determined by 
stretching it, and dividing the force per unit length applied by the 
corresponding induced strain. The units of geosynthetic stiffness Sg  are, 
for example, pounds per inch. The stiffness should be determined at strains 
no larger than 2 to 5 percent for pavement reinforcement applications. Most 
geosynthetics suitable for pavement reinforcement for practical purposes can 
be assumed to perform in a linear manner for the small levels of 
geosynthetic strain that should develop within pavements designed for small 
levels of permanent deformation. 
MODELING PAVEMENTS WITH GEOSYNTHETIC REINFORCEMENT 
The GAPPS7 finite element model has been described in detail elsewhere 
[42,43]. Therefore the capabilities of this comprehensive program are only 
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briefly summarized in this section. The GAPPS7 program models a general 
layered continuum reinforced with a geosynthetic and subjected to single or 
multiple load applications. 
Important features of the GAPPS7 program include: 
1. A two dimensional flexible fabric membrane element which can not 
take either bending or compression loading. 
2. The ability to model materials exhibiting stress dependent 
behavior including elastic, plastic and failure response. 
3. Modeling of the fabric interfaces including provisions to detect 
slip or separation. 
4. The ability to consider either small or large displacements which 
might for example occur under multiple wheel loadings in a haul 
road. 
5. A no-tension analysis that can be used for granular materials, and 
6. Provision for solving either plane strain or axisymmetric 
problems. 
The GAPPS7 program does not consider either inertia forces or creep, 
and repetitive loadings, when used, are applied at a stationary position 
(i.e. the load does not move across the continuum). Material properties 
can, however, be changed for each loading cycle to allow considering time 
and/or load dependent changes in properties. Only axisymmetric, small 
displacement analyses were performed for this study using a single loading. 
GAPPS7 consists of a main program and twelve subroutines. The main 
program handles the input, performs the needed initializations, and calls 
the appropriate subroutines. The twelve subroutines perform the actual 
computations. An automatic finite element mesh generation program MESHG4 is 
used to make the GAPPS7 program practical for routine use. In addition to 
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handling material properties, MESHG4 completely generates the finite element 
mesh from a minimum of input data. A plotting program called PTMESH can be 
used to check the generated mesh, and assist in interpreting the large 
quantity of data resulting from the application of the program. These 
supplementary programs greatly facilitate performing finite element analyses 
and checking for errors in the data. 
Resilient Properties  
Three different models can be utilized in the GAPPS7 program to 
represent the stress dependent elastic properties of the layers. The stress 
dependent resilient modulus E r of the subgrade is frequently given for 
cohesive soils as a bi-linear function of the deviator stress al-a3 as shown 
in Figure 6. Using this model the resilient modulus is usually considered 
to very rapidly decrease linearly as the deviator stress increases a small 
amount above zero. After a small threshold stress is exceeded, the 
resilient modulus stops decreasing and may even very slightly increase in a 
linear manner. 
The most commonly used nonlinear model for the resilient modulus of 
cohesionless granular base materials is often referred to as the k-6 model 
(Figure 6b) which is represented as 
Er = K ao N 	 (1) 
where Er = resilient modulus of elasticity, sometimes called M r 
 determined from laboratory testing 
k and e = material constants determined from laboratory 
testing 
8 = sum of principle stresses, a l + a2 + a3 
In recent years several improved models, often referred to as contour 









































    









Figure 6. Resilient Modulus Relationships Typically Used for a Cohesive 
Subgrade and Aggregate Base. 
(a) Subgrade 
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m = 0.028 G
I 
0.31 
accurately characterize granular base materials. The contour model as 
simplified for routine use by Mayhew [48] and Jouve et al. [49] was used in 
this study. Following their approach the bulk modulus K and shear modulus G 
of the base can be calculated from the simplified relations 
K = K
1 
p (1-n) {1 + y (2) 2 } 
	
(2) 
G = G 1  p (1-m) 
	
(3) 
where: K = bulk modulus 
G = shear modulus 
p = average principal stress, (a l + 02 + 03)/3 
q = shear stress 
K1,G1,n,m = material properties evaluated in the laboratory 
from special cyclic loading stress path tests 
The model described by Equations (2) and (3) will be referred to throughout 
this study as the simplified contour model. 
For a general state of stress the shear stress q can be defined as 
q = 0.707 Jr 	 (4) 
where 	J
2 (a l - 
02 )2 4. (02 - 03) 2 	(03 _ 01) 2 
Laboratory tests by Jouve et al. [49] have shown that the material constants 
n and m are approximately related to G1 as follows: 
n = 0.03 G0.31 
	 (5) 
(6) 
The bulk modulus K as given by equation (2) is always greater than zero 
which neglects the dilation phenomenon which can cause computational 
difficulties. All three of the above nonlinear models for representing 
resilient moduli were employed in the present study, and their use will be 
discussed subsequently. 
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MODEL VERIFICATION - PREDICTED PAVEMENT RESPONSE 
Little work has been carried out to verify the ability of theoretical 
models to accurately predict at the same time a large number of measured 
stress, strain and deflection response variables. To be able to reliably 
predict the tensile strain in an unstabilized granular base is quite 
important in a study involving granular base reinforcement. An accurate 
prediction of tensile strain is required since the level of tensile strain 
developed in the base determines to a large extent the force developed in 
the geosynthetic and hence its effectiveness. The importance of the role 
which tensile strain developed in the reinforcing layer plays became very 
apparent as the analytical study progressed. 
The presence of a tensile reinforcement and relatively thick granular 
layers which have different properties in tension compared to compression 
greatly complicate the problem of accurately predicting strain in the 
aggregate layer. Partway through this study it became apparent that the 
usual assumption of material isotropy, and the usually used subgrade and 
base properties including the k-6 type model were in general not indicating 
the level of improvement due to reinforcement observed in the weak section 
used in the first laboratory test series. Therefore, a supplementary 
investigation was undertaken to develop modified models that could more 
accurately predict the tensile strain and hence the response of geosynthetic 
reinforced pavements. 
Two independent comparison studies were performed to both verify the 
analytical model selected for use, and to assist in developing appropriate 
material parameters. The first study involved theoretically predicting the 
response including tensile strain in the aggregate base of a high quality, 
well instrumented test section without geosynthetic reinforcement tested 
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previously by Barksdale and Todres [44,45]. The second study used the 
extensive measured response data collected from Test Series 3 of the large 
scale laboratory pavement tests conducted as a part of the present study. 
Unreinforced, High Quality Aggregate Base Pavement  
As a part of an earlier comprehensive investigation to evaluate 
aggregate bases, several pavement sections having a 3.5 in. (90 mm) asphalt 
surfacing and an 8 in. (200 mm) thick granular base were cyclically loaded 
to failure [44,45]. High quality materials were used including the asphalt 
and the crushed stone base which was compacted to 100 percent of AASHTO T-
180 density. 
These sections were placed on a micaceous silty sand subgrade compacted 
to 98 percent of AASHTO T-99 density at a water content 1.9 percent above 
optimum. A total of about 2.4 million applications of a 6.5 kip (29 kN) 
uniform, circular loading were applied at a primary and six secondary 
positions. 
In the verification study a number of models were tried including the 
nonlinear finite element k-B and contour models. The simplified, nonlinear 
contour model and a linear elastic, cross anisotropic model were selected as 
having the most premise. A tedious, manual trial and error procedure was 
used to select material properties that gave the best overall fit of all of 
the measured response quantities. 
A cross-anisotropic representation has different elastic resilient 
material properties in the horizontal and vertical directions. An isotropic 
model has the same material properties such as stiffness in all directions. 
A homogeneous material has the same properties at every point in the layer. 
A comparison of the observed and measured pavement response variables 
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anisotropic model is at least equal to, and perhaps better than the 
simplified contour model for predicting general pavement response. The 
cross-anisotropic model using an isotropic, homogeneous subgrade was able to 
predict measured variables to within about ± 20 percent; the one exception 
was the tensile strain in the bottom of the base which was about 30 percent 
too low. At the time this comparison was made a homogeneous, isotropic 
subgrade resilient modulus was used. 
Later after the sensitivity study was underway it was discovered that 
the tensile strain in the base greatly increased if the subgrade modulus 
increases with depth. The cross-anisotropic material properties employed in 
the sensitivity study are summarized in Table 3. They are similar to those 
used for the homogeneous subgrade comparison in Table 2. Thus the important 
finding was made that the resilient modulus of the subgrade near the surface 
had to be quite low as indicated by the very large measured vertical strains 
on the subgrade. Since the total measured surface deflections were 
relatively small, the average stiffness of the subgrade was quite high. 
Therefore, the stiffness of the silty sand subgrade underwent a significant 
increase with depth, probably much larger than generally believed at the 
present time. The significant decrease in strain and increase in 
confinement with depth probably account for most of this observed increase 
in stiffness with depth [62]. The better agreement with measured pavement 
response when using a subgrade resilient modulus that rapidly increases with 
depth is shown in Table 2. 
The isotropic, nonlinear finite element method could not predict at the 
same time large tensile strain in the bottom of the aggregate base, and the 
small observed vertical strains in the bottom and upper part of that layer. 
This important difference in measured strain is readily explained if the 
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Table 3 
Anisotropic Material Properties Used for Final 
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= average resilient modulus of elasticity of 
subgrade; Eb = resilient modulus of base as 
shown in table 
2. Modular ratio Eh




and Eh (avg) =35,200 psi; the numerical average of 
the three vertical resilient moduli of base = 38,000 psi. 
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actual stiffness of the aggregate base is considerably greater in the 
vertical than the horizontal directions. Also the cross-anisotropic model 
gave a much better estimate of the vertical stress on the subgrade and the 
vertical surface deflection than did the nonlinear model. 
Response of Geosynthetic Reinforced Sections  
The measured pavement response obtained from the three sections 
included in Test Series 3 of the laboratory tests provided an excellent 
opportunity to verify whether a cross-anisotropic model can be successfully 
used to predict the response of the two geosynthetic reinforced sections and 
the non-reinforced control section included in the study. These test 
sections had an average asphalt surface thickness of about 1.2 in. (30 mm), 
and a crushed stone base thickness of about 8.2 in (208 mm). The wheel 
loading was 1.5 kips (6.7 kN) at a tire pressure of 80 psi (0.6 MN/m 2 ). A 
soft clay subgrade (CL) was used having an average inplace CBR before 
trafficking of about 2.7 to 2.9. These comprehensive experiments, which 
included the measurement of tensile strain in the aggregate base and also in 
the geosynthetic, are described in detail in the last section of this 
chapter. 
The comparison between the anisotropic model using the best fit 
material properties and the measured response is shown in Table 4 for each 
section. These sections were constructed over a subgrade having a very low 
back estimated average resilient modulus of about 2000 psi. Once again, 
based on the measured strains, the conclusion was reached that the resilient 
modulus of subgrade was quite low near the surface but rapidly increased 
with depth. Overall, the theory did a fair job of predicting observed 
response. The strain in the geosynthetic was over predicted by about 33 
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predicted by about 14 percent when located in the middle of the layer. Of 
considerable interest is the fact that the largest calculated geosynthetic 
stress was about 10 lbs/in (12 N/m), only strain was measured in the 
geosynthetic. The vertical stress on the top of the subgrade was about 50 
percent too small. As a result the computed vertical strain at the top of 
the subgrade was too small by about the same amount. Larger radial strains 
were measured in the bottom of the aggregate base than calculated by about 
50 percent. 
In summary, these pavement sections, as originally planned, were quite 
weak and exhibited very large resilient deflections, strains and stresses. 
The postulation is presented that under repetitive loading, perhaps due to a 
build up of pore pressures, the subgrade used in Test Series 3 probably 
performed like one having a CBR less than the measured value of 2.7 to 2.9. 
The cross anisotropic model did not do nearly as good in predicting the 
pavement response of the weak Test Series 3 sections compared to the 
stronger sections previously described. These sections only withstood about 
70,000 load repetitions at permanent deflections of 1.5 to 2 in. (38-50 mm) 
as compared to about 2.4 million heavier load repetitions for the stronger 
sections on a better subgrade used in the first comparison. A reasonably 
strong section would in general be more commonly used in the field. 
Nevertheless, the calculated relative changes in observed response between 
the three sections did indicate correct trends. This finding suggests 
relative comparisons of should generally be reasonably good, and indicate 
correct relative trends of performance. Undoubtedly the analytical studies 
are susceptible to greater errors as the strength of the pavement sections 
decrease toward the level of those used in the laboratory studies involving 
the very weak subgrade. 
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MODEL PROPERTIES USED IN SENSITIVITY STUDY 
The cross-anisotropic model was selected as the primary approach used 
in the sensitivity studies to investigate potential beneficial effects of 
geosynthetic reinforcement. Also, the nonlinear, simplified contour model 
was also used as the secondary method for general comparison purpose and to 
extend the analytical results to include slack in the geosynthetic and slip 
between the geosynthetic and base and subgrade. 
The measured strain in the bottom of the aggregate base in the test 
section study that withstood 2.4 million load repetitions (Table 2) was 
about 1.6 times the value calculated using the cross-anisotropic base model. 
The subgrade used was isotropic and homogeneous. In an actual pavement the 
development of large tensile strains in the granular base than predicted by 
theory would result in the reinforcing element developing a greater force 
and hence being more effective than indicated by the theory. To 
approximately account for this difference in strain, the stiffness of the 
geosynthetics actually used in the analytical sensitivity studies was 1.5 
times the value reported. Also, recall that strains in the aggregate base 
and geosynthetic were actually overpredicted for the tests involving a very 
soft subgrade. 
Tensile strains in the aggregate base and geosynthetic can be 
calculated directly by assuming a subgrade stiffness that increases with 
depth. Unfortunately, this important finding was not made until the 
sensitivity study was almost complete. A supplementary analytical study did 
show using a higher geosynthetic stiffness with a homogeneous subgrade gives 
comparable results to a model having a subgrade modulus increasing with 
depth. 
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Using the above engineering approximation, actual geosynthetic 
stiffnesses, S g = 1500, 6000 and 9000 lbs/in. (22, 88, 130 kN/m) were used 
in the theoretical analyses. Therefore, the corresponding stiffnesses 
reported as those of the sections would using the 1.5 scaling factor be 
1000, 4000 and 6000 lbs/in (15, 58, 88 kN/m). Because of the small stresses 
and strains developed within the geosynthetics, they remain well within 
their linear range. Hence nonlinear geosynthetic material properties are 
not in general required for the present study. 
Cross-Anisotropic Model Material Properties. The relative values of cross-
anisotropic elastic modulu and Poisson's ratios of the aggregate base used 
in the study are summarized in Table 5. The resilient modulus of the 
asphalt surfacing used in the sensitivity study was 250,000 psi (1700 
MN/m2 ). The corresponding Poisson's ratio was 0.35. The resilient moduli 
of the subgrade included in the sensitivity analyses were 2000, 3500, 6000 
and 12,500 psi (14, 24, 41, 86 MN/m 2 ). 
The ratio of the resilient modulus of the base to that of the subgrade 
has a significant influence on the tensile strain developed in the base for 
a given value of subgrade resilient modulus. In turn the level of tensile 
strain in the aggregate base determines at least to a great extent the force 
developed in the geosynthetic. Since the force in the geosynthetic 
significantly influences the improvement in behavior of the reinforced 
pavement system, using a modular ratio comparable to that actually developed 
in the field is very important. 
For this study the cross-anisotropic modular ratio was defined as the 
vertical resilient modulus of the center of the base divided by the uniform 
(or average) resilient modulus of the subgrade. For the primary sensitivity 
study the modular ratio used was 2.5. The modular ratio of 2.5 was about 
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Table 5 
Aggregate Base Properties Used in 




Resilient Modulus Poisson's Ratio 
Vertical Horizontal Vertical Horizontal 
Top 1.375E 0.925E 0.43 0.15 
Middle 1.0E 0.138E 0.43 0.15 
Bottom 0.825E 0.0458E 0.45 0.10 
Table 6 
Nonlinear Material Properties Used in Sensitivity Study 
1. Asphalt Surfacing: 	Isotropic, E r = 250,000 psi, u ,■ 0.35 




Kl GI Y 
Very Good Crushed Stone Base 
Upper 2/3 14,100 7,950 0.14 
Lower 1/3 5,640 3,180 0.14 
Poor Quality Gravel/Stone Base 
Upper 2/3 3.300 4,050 0.12 
Lower 1/3 1,320 1.620 0.12 
3. Subgrade: Typical Subgrade E s (psi) given below (see Figure 6) 1P.) 
Point Resilient Moduli 03 (psi) 
Top Middle Bottom 
I 1300 16,000 16,000 0 
2 750 4.000 4,000 1.5 
3 800 4,300 4.300 30.0 
. 	 . 
1. Average Subgrade C s = 6,000 psi (isotropic) 
2. ti = 0.4 
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the value back calculated from the measured response of the test pavement on 
the very soft subgrade having an average modulus of about 2000 psi (14 
MN/m2 ) as shown in Table 4. Supplementary sensitivity studies were also 
carried out using modular ratios of 1.5 and 4.5. 
The modular ratio of 4.5 was about that observed for the better 
subgrade which had an average resilient modulus of about 8000 psi (55 MN/m 2 ) 
as shown in Table 2. 
Nonlinear Properties  
The material properties used in the nonlinear finite element analyses 
were developed by modifying typical nonlinear properties evaluated in the 
past from laboratory studies using the measured response of the two test 
pavement studies previously described. The resilient properties of the 
asphalt surfacing were the same as used in the cross-anisotropic model. 
Both studies comparing predicted and measured pavement response 
indicate the base performs as a cross anisotropic material. For example, 
the small vertical strain and large lateral tensile strain in the aggregate 
base could only be obtained using the cross anisotropic model. The 
nonlinear options in the GAPPS7 program, however, only permit the use of 
isotropic properties. Therefore some compromises were made in selecting the 
resilient simplified contour model properties of the aggregate base. The 
radial tensile strain in the bottom of the granular base could be increased 
by 
1. 	Decreasing the resilient modulus of the top of the subgrade. 
However, if the resilient modulus of the entire subgrade was 
reduced calculated surface deflections were too small. 
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2. 	Decreasing the resilient modulus of the lower part of the base. 
Reducing this resilient modulus caused the calculated vertical 
strain in the layer to be much greater than observed. 
The compromise selected gave weight to increasing the radial tensile strain 
in the granular base as much as believed to be practical. 
The nonlinear material properties used in the upper two-thirds of the 
aggregate base are essentially the best and worst of the material properties 
given by Jouve et al. [49] multiplied by 1.5. Increasing the stiffness by 
1.5 gave better values of vertical strain in the base. The resilient 
properties used in the lower third of the base were obtained by multiplying 
the properties used in the upper portion of the base by 0.4. The nonlinear 
material properties used in the simplified contour model are given in Table 
6. 
The nonlinear subgrade material properties used in the study are also 
summarized in Table 6. The subgrade material properties, as well as the 
aggregate base properties, were developed from the tedious trial and error 
procedure used to match the measured response variables with those 
calculated. 
Developing as good of comparisons with measured responses as shown in 
Table 2 and 4 for both the cross-anisotropic and nonlinear models required a 
considerable amount of effort. A better match of calculated and measured 
response could probably be developed by further refinement of the process. 
For this sensitivity study, only the relative response is required of 
pavements with and without geosynthetic reinforcement. For such relative 
comparisons the material properties developed are considered to be 
sufficiently accurate. 
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Estimation of Permanent Deformation  
The presence of the geosynthetic in the granular base was found to 
cause small changes in vertical and somewhat larger changes in lateral 
stresses (at least percentage-wise) within the granular layer and the upper 
portion of the subgrade. During the numerous preliminary nonlinear computer 
runs that were performed early in this study, it was found that the GAPPS7 
program in its present form is not suitable for predicting the effects on 
rutting due to the relatively small changes in lateral stress. Therefore 
the layer strain method proposed by Barksdale [501 was selected as an 
appropriate alternate technique for estimating the relative effect on 
rutting of using different stiffnesses and locations of reinforcement within 
the aggregate layer. 
In summary, the layer strain method consists of dividing the base and 
upper part of the subgrade into reasonably thin sublayers as illustrated in 
Figure 7. The complete stress state on the representative element within 
each sublayer beneath the center of loading is then calculated using either 
the cross-anisotropic or the nonlinear pavement model. Residual compaction 
stresses must be included in estimating the total stress state on the 
element. The representative element is located beneath the center of the 
loading where the stresses are greatest. For this location, the principal 
stresses ci and 03 are orientated vertically and horizontally, respectively. 
Shear stresses do not act on these planes which greatly simplifies the 
analysis. 
The vertical permanent strain, c, is then calculated in each element 
knowing an accurate relationship between the permanent strain E p and the 
existing stress state acting on the element. Total permanent deformation 






































Figure 7. Idealization of Layered Pavement Structure for Calculating 
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Figure 8. Comparison of Measured and Computed Permanent Deformation 
Response for a High Quality Crushed Stone Base: 100,000 
Load Repetitions. 
47 
strain within each representative element by the corresponding sublayer 
thickness. The sum of the permanent deformations in each sublayer gives an 
estimation of the level of rutting within the layers analyzed. 
Placement of even a stiff geosynthetic within the aggregate base causes 
small changes in confining pressure on the soil and also small vertical 
stress changes. To predict accurately the effects of these small changes in 
stress on rutting the permanent strain E must be expressed as a continuous 
function of the deviator stress 01 - 03 and confining stress 03: 




s p = vertical permanent strain which the element would undergo when 
subjected to the stress state 03 and 01 - 03 
a l = major principal stress acting vertically on the specimen below the 
center of the load 
03 = lateral confining pressure acting on the specimen below the center 
of the load 
al - 03 = vertical deviator stress 
Although the changes in confining stress are relatively small, these 
changes, when the element is highly stressed can greatly reduce permanent 
deformations under certain conditions. 
The hyperbolic permanent strain model proposed by Barksdale [50] for 
permanent deformation estimation gives the required sensitivity to changes 
in both confining pressure and deviator stress. The hyperbolic expression 
for the permanent axial strain for a given number of load repetitions is 
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n 
Ep  = (01 - 03 )/K o-3 
1 - (a l - o-3 ) . Rf 
 2(c.cos(p + o3 in0) 
1 - sin(p 
where: 
0 and c = quasi angle of internal friction 0 and cohesion c determined 
from cyclic loading testing 
Rf, k and n = material constants determined from cyclic load testing 
All of the material constants (c, 0, K, n and Rf) used in the expression 
must be determined from at least three stress-permanent strain relationships 
obtained from at least nine cyclic load triaxial tests. Three different 
confining pressures would be used in these tests. The resulting stress-
permanent strain curves are then treated similarly to static stress-strain 
curves. 
. Two different quality crushed stone bases were modeled for use in the 
the sensitivity studies [50]: (1) an excellent crushed granite gneiss base 
having 3 percent fines and compacted to 100 percent of T-180 density and (2) 
a low quality soil-aggregate base consisting of 40 percent of a nonplastic, 
friable soil and 60 percent crushed stone compacted to 100 percent of T-180 
density. The soil-aggregate blend was about three times more susceptible to 
rutting than the high quality crushed stone base. The silty sand subgrade 
used in the comparative study was compacted to 90 percent of T-99 density. 
The subgrade had a liquid limit of 22 percent and a plasticity index of 6 
percent. 
A comparison of the stress-permanent strain response predicted by the 
hyperbclic relationship given by equation 8 and the actual measured response 
for the two bases and the subgrade are shown in Figures 8 through 10 for 
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K = 1750 	n = 0.265 
R
f = 1.0c 
	0 
4 	50.4° 	03= 10 psi 
-- 53° o
3

























a 6 6 









Permanent Strain, c (Percent) 
Figure 9. Comparison of Measured and Computed Permanent Deformation 
Response for a Low Quality Soil-Aggregate Base: 100,000 
Load Repetitions. 
K = 680 
4) = 46.5° 
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Permanent Strain, E p (Percent) 
Figure 10. Comparison of Measured and Computed Permanent Deformation 
Response for a Silty Sand Subgrade: 100,000 Load 
Repetitions. 
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100,000 cyclic load applications. The theoretical curve given by the 
hyperbolic model is seen to agree quite nicely with the actual material 
response. The actual material parameters used in the hyperbolic model are 
given in the figures; Table 7 summarizes the general material properties of 
the base and subgrade. 
Table 7 
General Physical Characteristics of Good and Poor Bases 
and Subgrade Soil Used in the Rutting Study(l) 
BASE DESCRIPTION 












Blend( 2 ) 








Silty Sand (4)  
100 100 100 63 40 115.4 13.0 - - 
1. Data from Barksdale (50]. 
2. The granite gneiss crushed stone had OZ passing the No. 10 sieve; the soil was a gray, silty fine 
sand (SM; A-2-4(0)]. nonplastic with 73% < No. 40 and 20% < No. 200 sieve. 
3. Degree saturation in percent as tested. 
4. Classification SM-141. and A-4(1); liquid limit, 22%, plasticity index 6. 
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ANALYTICAL SENSITIVITY STUDY RESULTS 
Sensitivity Study Parameters  
The results of the analytical sensitivity study are summarized in this 
section including predicted response for a range of geosynthetic 
stiffnesses, pavement geometries, and subgrade stiffnesses. The general 
effect upon response of placing a geosynthetic within the aggregate layer is 
demonstrated including its influence on vertical and lateral stresses, 
tensile strain in the bottom of the asphalt layer, and vertical strain on 
top of the subgrade. The effect of prestressing the aggregate base is also 
considered for geosynthetic pretensioning load positions at the middle and 
bottom of the aggregate layer. The potential beneficial effects of 
geosynthetic reinforcement are also more clearly quantified in terms of the 
reduction in aggregate base thickness and the relative tendency to undergo 
rutting in both the base and the upper portion of the subgrade. Both 
linear, cross anisotropic and nonlinear finite element sensitivity analyses 
were performed during the study. 
Pavement Geometries. 	Pavement geometries and subgrade stiffnesses used in 
the primary sensitivity investigations are summarized in Figure 11. The 
basic pavement condition investigated (Figure 11a) consisted of light to 
moderate strength pavements resting on a subgrade have stiffnesses varying 
from 2000 to 12,500 psi (14-86 MN/m2 ); the geosynthetic was located in the 
bottom of the base. Sensitivity studies were also conducted to determine 
the effect of geosynthetic position (Figure 11b), and the potential 
beneficial effect of prestressing the aggregate base and subgrade using a 
geosynthetic (Figure 11c). Aggregate tease quality was also investigated. 
Other supplementary sensitivity studies were performed to evaluate various 
effects including slip at the geosynthetic interfaces, 
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P =8.000 lbs. 
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53 
slack in the geosynthetic, and the value of Poisson's ratio of the 
geosynthetic. 
Geosynthetic Stiffness. Three levels of geosynthetic reinforcement 
stiffness Sg were used in the sensitivity study, Sg = 1000, 4000 and 6000 
lbs/in. (7, 28, 41 MN/m2 ). To reduce the number of computer runs to a 
manageable level, all three levels of geosynthetic stiffness were only used 
in selected studies. Since small values of stress and strain were found to 
develop in the geosynthetic, their response was taken to be linear. 
Poisson's ratio was assumed to be 0.35, except in a limited sensitivity 
study to investigate its effect upon reinforcement behavior. 
Equivalent AASHTO Design Sections. Preliminary analyses indicated that the 
geosynthetic reinforcement of heavy sections (or lighter sections on very 
good subgrades) would probably have relatively small beneficial effects. 
Therefore, structural pavement sections were selected for use in the study 
having light to moderate load carrying capacity. Selected pavement 
thickness designs are shown in Table 8 for 200,000, 500,000 and 2,000,000 
equivalent, 18 kips (80 kN) single axle loadings (ESAL's). Subgrade support 
values and other constants used in the 1972 AASHTO design method are given 
in Table 8. The equivalent axle loads which these sections can withstand 
serve as a convenient reference for acccessing the strength of the sections 
used in the sensitivity study. 
Subgrades having CBR values of 3, 5 and 10 were selected for use. A 
CBR value of 10 was considered to be a realistic upper bound on the strength 
of subgrade that might possibly be suitable for geosynthetic reinforcement. 
Average subgrade resilient moduli of 3.5, 6 and 12.5 ksi (24, 41, 86 kN/m 2 ) 

















































a CBR (Z) 
Es 
 (ksi) 
1 200 el u-,
 .2, 
3.5 3.2 2.5 11.9 
2 200 6.0 3.9 2.85 2.5 9.7 
1 200 12.5 5.0 2.45 2.5 7.5 
4 500 3 3.5 3.2 2.5 15.3 
5 500 5 6.0 3.9 2.5 120 8 
6 500 10 12.5 5.0 2.5 9.6 
7 2000 3 3.5 3.2 4.55 6.5 12.4 
1. Design Assumptions: 
Present Serviceability Index = 2.5 
Regional Factor - 1.5 
Asphalt Surfacing: 	al 	0.44 
a2 - 0.35 
Aggregate Base: 	a3 = 0.18 
a4 = 0.14 
2. Equivalent 18 kip, single axle loadings.  
TAC 




TB - < 12 in. 
TAC + T B  > 12 in. 
0.00 	 3.00 	 6.00 	 9.00 
	
12 00 
SUBGRADE CBR (PERCENT) 
Figure 12. Typical Variations of Resilient Moduli with CBR. 
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studies to characterize subgrades having CBR values of 3, 5 and 10, 
respectively. 
An important objective of the sensitivity study was to establish 
pavement sections reinforced with a geosynthetic that structurally have the 
same strength as similar non-reinforced sections. The beneficial effect was 
accounted for by establishing the reduction in base thickness due to 
reinforcement. Equivalent pavement sections with and without reinforcement 
are hence identical except for the thickness of the aggregate base. 
Almost all presently used mechanistic design procedures are based upon 
(1) limiting the tensile strain in the bottom of the asphalt concrete 
surfacing as a means of controlling fatigue and (2) limiting the vertical 
compressure strain at the top of the subgrade to control subgrade rutting 
[51,52]. In keeping with these accepted design concepts, the procedure 
followed was to determine for a reinforced section the required aggregate 
base thickness that gives the same critical tensile and compressive strains 
as calculated for similar sections without reinforcement. Separate 
reductions in base thickness are presented based on equal resistance to 
fatigue and rutting as defined by this method. 	Limiting the vertical 
compressure strain on the subgrade is an indirect method for controlling 
permanent deformation of only the subgrade. Therefore, the effect of 
geosynthetic reinforcement on permanent deformation in the aggregate base 
and upper part of the subgrade was independently considered using the 
previously discussed layer strain approach and hyperbolic permanent strain 
model. These results are presented in Chapter III. 
Cross-Anisotropic Sensitivity Study Results  
Geosynthetic at Bottom of Aggregate Layer. Structural pavement sections for 
the primary sensitivity study were analyzed using the previously discussed 
56 
cross-anisotropic finite element model. These sections had an asphalt 
surface thickness of 2.5 in (64 mm) and aggregate base thicknesses varying 
from 7.5 in to 15.3 in (200-400 mm); subgrade resilient moduli were varied 
from 3.5 to 12.5 ksi (24-86 MN/m 2 ). Tables 9 through 12 give a detailed 
summary of the effect of reinforcement on the stress, strain and deflection 
response of each pavement layer. The force developed in the geosynthetic 
reinforcement is also shown. Because of the large quantity of information 
given for the sections, each table is separated into two parts, given on 
successive pages. The percent difference is also given between the 
particular response variable for a reinforced section compared to the 
corresponding non-reinforced section. 
All response variables given in the table are those calculated by the 
finite element model 0.7 in. (18 mm) horizontally outward from the center of 
the load. The pavement response under the exact center of the loading can 
not easily be determined using a finite element representation. In these 
tables a positive stress or strain indicates tension, and a negative value 
compression. Downward deflections are negative. Also refer to the notes 
given at the bottom of the table for other appropriate comments concerning 
this data. 
An examination of the results given in Tables 9 through 12 show that 
the effect of the geosynthetic reinforcement is in general relatively small 
in terms of the percent change it causes in the response variables usually 
considered to be of most importance. These variables include tensile strain 
in the bottom of the asphalt, vertical subgrade stress and strain, and 
vertical deflections. The force mobilized in the geosynthetic is also 
small, varying from less than 1 lb/in. to a maximum of about 18 lbs/in. 
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The force developed in the geosynthetic increases as the thickness of the 
structural section decreases, and as the subgrade becomes softer. 
The presence of the geosynthetic can have a small but potentially 
important beneficial effect upon the radial and tangential stresses and 
strains developed in the aggregate base and upper portion of the subgrade 
due to the externally applied loading. The important variation in radial 
stress which can occur within the upper part of the subgrade is illustrated 
in Figure 13. The change in both radial stress and radial strain expressed 
as a percentage of that developed in a section without reinforcement is 
appreciable for all three sections shown including one with a 6.5 in. (165 
mm) thick asphalt surfacing. The radial stresses caused by loading in the 
heavier section having a 6.5 in. (165 mm) AC surfacing are very small 
initially. Thus, the change in stress resulting from the geosynthetic has a 
negligible effect on performance. This is especially true considering the 
magnitude of the initial stress that would exist in the layer due to 
overburden and compaction effects. 
Even when lighter sections are placed upon a good subgrade having a CBR 
of about 10 (Es = 12,500 psi; 86 kN/m2 ), relatively small radial stresses 
occur regardless of the presence of geosynthetic reinforcement. Further 
these changes in stress, even though quite small, tended to be in the wrong 
direction. That is, they tend to become less compressive due to 
reinforcement which means confinement perhaps would be reduced, and 
permanent deflections increased. 
General Response. Figures 14 through 16 summarizes the effect of 
geosynthetic reinforcement on the tensile strain in the bottom of the 
asphalt and the vertical compressive strain on top of the subgrade. 
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80 
DISTANCE FROM CENTERLINE, R (INCHES) 
(a) Subgrade E s = 3500 psi 
00 	 2.0 	 4.0 
	
60 
DISTANCE FROM CENTERLINE, R (INCHES) 
(b) Subgrade E s =12,500 psi 
Figure 13. Variation of Radial Stress at Top of Subgrade with Radial 
Distance from Centerline (Tension is Positive). 
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14 by selecting a reduced aggregate base thickness for a reinforced section 
that has the same level of strain as in the corresponding unreinforced 
section. To develop a set of design curves for the three levels of 
geosynthetic stiffnesses requires a total of twelve finite element computer 
analyses. 
Figure 17 shows for the same sections as compared in Figure 14 the 
reduction in radial stress caused in the bottom of the aggregate base due 
to reinforcement. The actual magnitude of the change in radial stress in 
the bottom of the aggregate base is about 10 to 20 percent of that occurring 
in the subgrade. An exception is the section having the stiff subgrade 
where the difference was much less, but the stresses were very small. 
The results summarized in Tables 11 and 12 indicate that the beneficial 
effects of geosynthetic reinforcement decrease relatively rapidly as the 
stiffness of the subgrade increases from 3500 to 12,500 psi (24-86 MN/m 2 ). 
Consider a section with a 2.5 in. (64 mm) thick asphalt surfacing, and a 
9.75 in. (250 mm) aggregate base that is reinforced with a geosynthetic 
having a stiffness of 4000 lbs/in.(4.9 kN/m). The reduction in base 
thickness for constant vertical compressive subgrade strain decreases from 
about 12 to 5 percent as the subgrade stiffness increases from 3500 to 
12,500 psi (24-86 MN/m 2 ). The reductions in required base thickness are 
even smaller based on constant tensile in the bottom of the asphalt 
surfacing. 
Geosynthetic Position. The pavement response was also determined for 
geosynthetic reinforcement locations at the lower 1/3 and upper 2/3 
positions withili the aggregate base in addition to the bottom of the base. 
The theoretical effect of reinforcement position on the major response 













































































































































































































































































































































































































































































































































































































1  I O 
I 	










1  0 


































I orT-.-1  
1.777'''-  
c/1!n'-  
I /F1 /1C- 





































■—■ 00 o) 
F 
O 0 0 
0 0 0 0 























stiffness used in the study. The effect of position was only studied for 
sections having a subgrade stiffness E s = 3500 psi (24 MN/m 2 ). 
The influence of reinforcement position on horizontal tensile strain in 
the bottom of the asphalt and vertical compressive strain on top of the 
subgrade is given in Figures 18 and 19 for the 1/3 up from the bottom of the 
aggregate base position and the 2/3 position. 
Slack. 	To determine the effect on performance, three different levels of 
slack in the geosynthetic were analyzed using the nonlinear finite element 
model. Slack levels of 0.25, 0.75 and 1.4 percent strain were chosen for 
the analysis. The actual displacement that would exist in the geosynthetic 
as a result of slack is equal to the width of the geosynthetic times the 
level of slack expressed in decimal form. Hence, slack levels of 0.25, 0.75 
and 1.4 percent correspond to about 0.4, 1.1 and 2 in. (20, 28, 50 mm) for a 
geosynthetic width of 12 ft. (3.7 m); for a width of 24 ft. (7 m) the 
corresponding amounts of slack are or 0.8, 2.2 and 4 in. 
As wheel load is applied in the field, the geosynthetic would gradually 
start to deform and begin picking up some of this load. The force would be 
expected to go on the geosynthetic slowly at first, with the rate at which 
it is picked up increasing with the applied strain level. This type 
geosynthetic load-strain behavior was modeled using a smoothly varying 
interpolation function as shown in Figure 20 for the 0.75 percent slack 
level. 
The geosynthetics used in the analysis having the 0.25 and 0.75 percent 
levels of slack would have a constant stiffness Sg = 6000 lbs/in (88 kN/m) 
after all slack is removed. A geosynthetic stiffness of 9000 lbs/in (130 
kN/m) was used with the 0.75 percent slack level. The higher stiffness 
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Figure 20. Geosynthetic Slack Force-Strain Relations Used in Nonlinear 
Model. 
0.300 
Figure 21. Variation of Radial Stress o
r 
With Poisson's Ratio (Tension 
is Positive). 
for this high level of slack than a geosynthetic having S g = 4000 lbs/in. 
(88 kN/m). 
The slack sensitivity study was performed for a light pavement section 
consisting of a 2.5 in. (64 mm) of asphalt surfacing, a 9.75 in. (250 mm) 
aggregate base and a subgrade having an average resilient modulus of E s = 
12.4 ksi (85 MN/m 2 ) and 3.5 ksi (24 MN/m 2 ). The relative effects of slack 
were found to be similar for both subgrade stiffnesses. The base was 
characterized using the good nonlinear simplified contour model material 
properties (Table 6), and the subgrade was represented by the bilinear model 
(Figure 6a). The results of the sensitivity study for the stronger subgrade 
aresummarized in Table 14. A 0.25 percent slack in the geosynthetic results 
in at most about 20 percent of the stress that would be developed in an 
initially tight geosynthetic. Thus slack, as would be expected, has a very 
significant effect on geosynthetic performance. 
Poisson's Ratio. The literature was found to contain little information on 
the value of Poisson's ratio of geosynthetics, or its effect on the response 
of a reinforced pavement. A limited sensitivity study was therefore 
conducted for Poisson's ratios of v = 0.2, 0.3 and 0.4. A geosynthetic was 
used having an actual stiffness of 6000 lbs/in.(7 kN/m). The light pavement 
sections used consisted of a 2.5 in. (64 mm) thick asphalt surfacing, a 
cross-anisotropic base of variable thickness, and a homogeneous subgrade 
with Es = 3500 psi (24 MN/m2 ). 
For a Poisson's ratio variation from v = 0.2 to 0.4, the reductions in 
tensile strain in the asphalt surfacing and vertical subgrade strain were 
less than 0.2 and 1 percent, respectively. The geosynthetic force varied 
from 10.0 lbs/in. (12 N/m) for v = 0.2 to 12.9 lbs/in. for v = 0.4, an 
increase of 29 percent. The resulting radial stress in the top of the 
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Table 14 











None 0.25 0.75 1.4 
2.5/9.72 12.3 6000 10.4 1.9 0.9 0 (2) 
9000 13.3 - - 0 
2.5/12.0 12.4 6000 8.3 1.34 - 0 (2) 
9000 10.6 - - 0 
2.5/15.3 12.4 6000 6.3 0.4 
0(2) 
9000 8.5 - - 0.4 
Notes: 1. The initial stiffness of each geosynthetic was assumed to be 
S R =300 lbs/in. rather than zero. The stiffnesses shown are 
ta limiting stiffnesses at the strain level where all the 
slack has been taken out; this strain level corresponds to 
the slack indicated. 




3. The numbers 2.5/9.72, for example, indicate a 2.5 in. asphalt 
surfacing and a 9.72 in. aggregate base. 
Table 15 





REDUCTION IN RASE THICKNESS REDUCTION IN RUTTING 

















2.5 IN. AC SURFACING 	3500 PSI SUBGRADE 
15.3 -11 -12 -8 -6.5 -11 -22 -2.0 -4 
12.0 -11 -12 -10 - 8 -4.1 -30 -2.6 -6 
il 
9.75 -11 -14 -15 -12 -19.8 -39 3-7 -10 
Note: 1. Cross-anisotropic analysis; 2.5 in. AC surfacing; 3.5 ksi subgrade; Modular ratio E b /E. 	1.45. 
2. Reduction in permanent deformation of the aggregate base and suberade. 
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subgrade as a function of Poisson's ratio of the geosynthetic is shown in 
Figure 21. The changes in radial stress are relatively small (about 0.075 
psi, 0.5 MN/m2 ), and would potentially have very little identifiable effect 
upon permanent deformation. 
Base Quality. A supplementary sensitivity study was conducted to determine 
the effect of base quality on the performance of geosynthetic reinforced 
pavements. For this study the subgrade used had a resilient modulus Es = 
3500 psi (24 MN/m2 ). A nonlinear finite element analysis indicated that a 
low quality base has a modular ratio between the aggregate base (Eb) and the 
subgrade (Es ) of about Eb/E s = 1 to 1.8 as compared to the average Eb/E s = 
2.5 used as the standard modular ratio in the cross-anisotropic analysis. 
A sensitivity study was then performed to determine the effect of 
aggregate base quality on reinforcement performance. Once again the light 
reference section was used having a 2.5 in. (64 mm) thick asphalt surfacing 
and a subgrade with E s = 3500 psi (24 MN/m 2 ). The base thickness was varied 
between 9.75 and 15.3 in. (250-400 mm) and a geosynthetic stiffness of 4000 
lbs/in. (5 kN/m) was used. The results of this study, which used a modular 
ratio of 1.45 (Table 15), indicated that for the structural sections 
analyzed, a low quality base reinforced with a geosynthetic would permit, 
compared to higher quality reinforced bases, the use of a thinner reinforced 
aggregate base by about 20 to 25 percent with respect to fatigue. Based on 
vertical strain on the subgrade, however, a geosynthetic reinforced higher 
quality base would require about 10 to 25 percent less base thickness than a 
low quality base having a lower modular ratio. The reduction of rutting 
percentage-wise is less for the low quality b.-se compared to the high 
quality base. 
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Prestressed Aggregate Base  
An interesting possibility consists of prestressing the aggregate base 
using a geosynthetic to apply the prestressing force [35,36]. The 
prestressing effect was simulated in the finite element model at both the 
bottom and the middle of the aggregate base. Once again, the same light 
reference pavement section was used consisting of a 2.5 in. (64 mm) asphalt 
surfacing, a variable thickness aggregate base, and a homogeneous subgrade 
having a resilient modulus E s = 3500 psi (24 MN/m2 ). The cross anisotropic, 
axisymmetric finite element formulation was once again used for the 
prestress analysis. A net prestress force of either 10, 20 or 40 lbs/in. 
(12, 24, 50 N/m) of geosynthetic was applied in the model at a distance of 
45 in (1140 mm) from the center of loading. 
Theory shows that the force in a stretched axisymmetric membrane should 
vary linearly from zero at the center to a maximum value along the edges. 
Upon releasing the pretensioning force on the geosynthetic, shear stresses 
are developed along the length of the geosynthetic as soon as it tries to 
return to its unstretched position. These shear stresses vary approximately 
linearly from a maximum at the edge to zero at the center, provided slip of 
the geosynthetic does not occur. The shear stresses transferred from the 
geosynthetic to the pavement can be simulated by applying statically 
equivalent concentrated horizontal forces at the node points located along 
the horizontal plane where the geosynthetic is located. 
In the analytical model the effect of the prestretched geosynthetic was 
simulated entirely by applying appropriately concentrated forces at node 
points. An external wheel load would cause a tensile strain in the 
geosynthetic and hence affect performance of the prestressed system. This 
effect was neglected in the prestress analysis. The geosynthetic membrane 
79 
effect that was neglected would reduce the prestress force, but improve 
performance due to the reinforcing effect of the membrane. 
In the prestress model the outer edge of the finite element mesh used 
to represent the pavement was assumed to be restrained in the horizontal 
directions. This was accomplished by placing rollers along the exterior 
vertical boundary of the finite element grid. Edge restraint gives 
conservative modeling with respect to the level of improvement caused by the 
geosynthetic. The benefits derived from prestressing should actually fall 
somewhere between a fixed and free exterior boundary condition. 
The important effect of prestressing either the middle or the bottom of 
the aggregate base on selected stresses, strains, and deflections within 
each layer of the pavement is summarized in Table 16. Comparisons of 
tensile strain in the asphalt layer and vertical compressive strain in the 
top of the subgrade are given in Figure 22 for a geosynthetic stretching 
force of 20 lbs/in. (24 N/m). To reduce tensile strain in the asphalt 
surfacing or reduce rutting of the base, prestressing the middle of the 
layer is more effective than prestressing the bottom. On the other hand, if 
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Z 1600 20 LBS/IN 
BOTTOM OF LAYER 
2.5 IN A.C. 
Es=3.5 KSI 
aoo 
7 0 	 10.0 	 13.0 
THICKNESS OF BASE. T (INCHES) 
(b) Vertical Strain E.
v 
on Subgrade 
Figure 22. Theoretical Influence of Prestress on Equivalent Base 
Thickness: E
r 
and cv Strain Criteria. 
PRESTRESS 20 LBS/IN 
MIDDLE OF LAYER 
83 
LARGE-SCALE LABORATORY EXPERIMENTS 
Large-scale laboratory experiments were conducted to explore specific 
aspects of aggregate base reinforcement behavior, and to supplement and 
assist in verifying the analytical results previously presented. These 
large scale tests were performed in a test facility 16 ft. by 8 ft. (4.9 by 
2.4 m) in plan using a 1.5 kip (7 kN) wheel loading moving at a speed of 3 
mph (4.8 km/hr). Using up to 70,000 repetitions of wheel loading were 
applied to the sections in a constant temperature environment. 
Four series of experiments were carried out, each consisting of three 
pavement sections. The pavement sections included a thin asphalt surfacing, 
an aggregate base (with or without geosynthetic reinforcement) and a soft 
silty clay subgrade. A large number of potentially important variables 
exist which could influence the performance of an asphalt pavement having a 
geosynthetic reinforced aggregate base. Therefore several compromises were 
made in selecting the variables included in the 12 sections tested. 
Important variables included in the investigation were (1) geosynthetic 
type, (2) location of geosynthetic within the aggregate base, (3) prerutting 
the reinforced and unreinforced sections, (4) prestressing the aggregate 
base using a geosynthetic and (5) pavement material quality. The test 
sections used in this study and their designations are summarized in Table 
17. A knowledge of the notation used to designate the sections will be 
helpful later when the observed results are presented. A section name is 
generally preceded by the letters PR (prerutted) or PS (prestressed) if 
prerutting or prestressing is involved. This designation is then followed 
by the letters GX (geotextile) or GD (geogrid) which indicates the type of 
geosynthetic used. The location of the geosynthetic which follows, is 
represented by either M (middle of base) or B (bottom of base). Following 
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Table 17 







Details of Geosynthetic 
and Section Specification 
1 1 in. A.C. 





Geotextile placed at bottom 
of Base; Subgrade prerutted 
by 0.75 in. 
Control Section; no geo-
synthetics and no prerutting 
Same as PR-GX-B; no prerutting 
2 1.5 in. A.C. 





Geogrid placed at bottom of 
Base; Subgrade prerutted by 
0.4 in. 
Control Section 




Geotextile placed at bottom 
of Base 
Control Section; Prerutting 
carried out at single track 
test location 





Same as GX-M (Series 3); Pre-
rutting carried out at single 
track test location 
Same as GX-M but use geogrid 
Prestressed Geogrid placed at 
middle of base 
Notes for section designation: PR = Prerutted PS = Prestress 
GX = Geotextile GD = Geogrid 
B = Bottom of Base 
M = Middle of Base 
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this notation, the section PR-GD-B would indicate it is a prerutted section 
having a geogrid located at the bottom of the aggregate base. 
MATERIALS, INSTRUMENTATION AND CONSTRUCTION 
Materials  
All materials were carefully prepared, placed and tested to insure as 
uniform of construction as possible. The properties of the pavement 
materials used in construction of the test pavements were thoroughly 
evaluated in an extensive laboratory testing program, described in detail in 
Appendix C. For quality control during construction, some of the readily 
measurable material properties such as density, water content and cone 
penetration resistance were frequently measured and evaluated during and 
after the construction of the test sections. These quality control tests 
are fully described subsequently. 
Two different asphalt surfacings, aggregate bases and geosynthetic 
reinforcement materials were used in the tests. The same soft silty clay 
subgrade was employed throughout the entire project. A brief description of 
the materials used in the experiments is given in the following subsections. 
Asphalt Surfacing. During the first series of tests, a gap-graded, Hot 
Rolled Asphalt (HRA) mix was used, prepared in accordance with the British 
Standard 594 [55]. An asphaltic concrete mix was employed for the remaining 
three series of tests. The asphaltic concrete mix was prepared in 
accordance with the Marshall design results given in Appendix C, Figure C-1. 
The granite aggregate gradation curves used in each bituminous mix is shown 









































































Binder Penetration 100 50 
Binder Content 8 6.5 
(% by weight) 
Maximum Aggregate 0.75 0.75 
Size (in.) 
Delivery Temperature 110 ° C 160 °C 
Rolling Temperature 80°C 120 °C 
1. The viscosity of the asphalt cement was 4600 poises at 140 °F 
2. Test performed at 77 °F (25°C), 100g, 5 sec. 
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Aggregate Base. 	To enhance the benefit of a geosynthetic inclusion in the 
pavement structure, a weak granular base was used during the first series of 
tests. This base consisted of rounded sand and gravel, with a maximum 
particle size of about 3/4 in. (20 mm), and about 3 percent passing the 75 
micron sieve. The grading of the granular material, as shown in Figure 24, 
conforms with the British Standard Type 2 subbase specification [56]. The 
gravel base sections used in Test Series 1 exhibited extremely poor 
performance as evidenced by a very early failure at 1690 repetitions of 
wheel load. As a result, the gravel was replaced for the remaining three 
test series by a crushed dolomitic limestone. 
The dolomitic limestone had a maximum particle size of 1.5 in. (38 mm) 
and about 7 percent fines passing the 75 micron sieve. The limestone 
aggregate was slightly angular and non-flaky. The grading, as shown in 
Figure 24, lay within the British Standard Type 1 subbase specification. 
This latter type of granular material is widely used in British highway 
construction. 
Both granular materials were compacted in the test facility at optimum 
moisture content to generally between 96 and 100 percent of the maximum dry 
density as determined by laboratory compaction tests. 
Subgrade. 	The subgrade used in this project was an inorganic, low 
plasticity, silty clay known locally as Keuper Marl. The clay subgrade was 
transported to the test facility in the form of unfired wet bricks from a 
local quarry. A layer 18 in. (450 mm) of this soft clay was placed over an 
existing 3.5 ft. (1.1 m) thick layer of drier and hence stiffer silty clay 
subgrade obtained previously from the same quarry. The upper 18 in. (450 
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Figure 24. Gradation Curves for Granular Base Materials. 
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moisture content of 18 percent. The CBR of the underlying stiffer subgrade 
was found to be about 8 to 10. 
Geosynthetic Reinforcement. 	Two types of geosynthetics were used in the 
study (Table 19). Both geosynthetics, however, were manufactured from 
polypropylene. One geosynthetic was a very stiff, woven geotextile having 
at 5 percent strain a stiffness S g = 4300 lbs/in. (5.2 kN/m) and a weight of 
28.5 oz/yd 2 (970 gm/m2 ). The other geosynthetic was a medium to high 
stiffness biaxial geogrid having a stiffness S g = 1600 lbs/in. (1.9 kN/m) 
and a weight of 6 oz/yd2 (203 gm/m2 ). 
Instrumentation  
All the sections were instrumented using diaphragm pressure cells [57]. 
Bison type inductance strain coils [58], and copper-constantan 
thermocouples. Details of instrument calibration have been described in the 
literature [59]. The arrangement of instrumentation installed in each 
pavement section was similar. Details of one particular test section is 
shown in Figure 25. Beginning with the third series of tests, additional 
pressure cells and strain coils were installed in both the top and bottom of 
the aggregate base. This additional instrumentation assisted in validating 
the analytical results. All the instruments were placed directly beneath 
the center line of each test section in the direction of wheel travel. 
Instrumentation was installed to measure the following parameters: 
1. The magnitude and distribution with depth of the 
transient and permanent vertical strains in both the 
granular base and the subgrade. 
2. Transient and permanent longitudinal strain at the 
bottom of the asphaltic layer; beginning with Test 
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PLAN 
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2" dia. strain coils 
direction of 
wheel travel 
2I0 18 16 	1 '4 12 10 12 	6 	 4 	2 	0 	2 	4 	6 	8 10 12 14 16 18 20 
distance from centre (ins) 
Notes: 1) The vertical distance between the 2" strain coils in the 
granular layer was increased to 4 in. during the 2nd to 4th 
test series when the base thickness was increased to 8 in. 
2) The pressure cells and the pair of 1" strain coils at the 
top and bottom of the granular layer were available only 
during the 3rd and 4th test series. 
Figure 25. Typical Layout of Instrumentation Used in Test Track Study. 
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Polymer Composition 
Weight/ area (oz/yd2) 
Tensile Strength (lb/in) 
Stiffness, Sg at 5% 
Strain (lb/in) 
% Open Area 












1.22 X 1.56 
Table 19 
Properties of Geosynthetics Used. 
Property 	 Geotextile 
	
Geogrid 
Conversions: 1 lb/in = 0.175 kN/m 
1 oz/yd2 = 33.9 g/m2 
Series 3 longitudinal strain was also determined at both 
the top and bottom of the granular base layer. 
3. Transient and permanent lateral strain in the 
geosynthetic, and at the complimentary location in the 
control section. 
4. Transient stress near the top of the subgrade, and 
Beginning with the Third Test Series the transient 
longitudinal stress was measured at both the top and 
bottom of the granular layer. 
5. Temperature in each pavement layer. 
In addition to the instrumentation installed within the pavement 
materials, a profilometer (Figure 26) consisting of a linear potentiometer 
mounted on a roller carriage, was used to measure the surface profile. 
Pavement Construction  
Subgrade. 	During the construction of the first series of pavement 
sections, 18 in. (450 mm) of fresh silty clay was placed after the same 
thickness of existing stiff subgrade material had been removed. The silty 
clay subgrade (Keuper Marl) was installed as 7 layers of wet bricks. Each 
layer was compacted by using a triple legged pneumatic tamper (Figure 27) 
which had sufficient energy to destroy the joints in the bricks. The final 
subgrade surface was then leveled with a single legged pneumatic compactor 
(Figure 28) before the aggregate material was placed over it. The surface 
elevation of the subgrade was established by measuring the distance from a 
reference beam to various locations on the subgrade surface. 
The fresh silty clay subgrade used in the first series of tests was 
reused for all subsequent tests. However, since the design thickness for 
























































test series, an additional 2.5 in. (64 mm) of the newly installed silty clay 
was removed before construction of the pavement sections used in the second 
test series. 
In general, the condition of the subgrade remained constant throughout 
the study. This was partly due to the fact that it was covered most of the 
time with a moist aggregate base, preventing drying out and stiffening of 
the subgrade. The finished subgrade had an average CBR of 2.3 after it was 
first placed. This value increased slightly to 3.2 at the end of the last 
series of tests. The moisture content and dry density remained relatively 
constant throughout, at about 18 percent and 111 pcf (1778 kg/m 3 ), 
respectively. The subgrade density of 111 pcf (1778 kg/m 2 ) corresponds to 
about 95 percent of the maximum dry density of this subgrade material as 
obtained in the British Standard compaction test [60]. 
Pressure cells and strain coils in the subgrade were placed in holes 
which were cut with special tools designed to ensure minimum disturbance 
around the instruments [61]. All holes and horizontal layer surfaces were 
scarified as installation proceeded to give good bonding of materials. 
Aggregate Base Material. 	The aggregates used in the base were brought up 
to their optimum moisture content prior to placing and compacting. The 6 
in. (150 mm) thick layer of sand and gravel base employed in the first test 
series was compacted in three 2-in. (50 mm) layers at a moisture content of 
7 percent by means of a vibrating plate compactor (Figure 29). The first 
two layers each received 5 passes of the compactor. The last layer was 
continuously compacted until no further densification was apparent. 
For the 8 in. (200 mm) layer of crushed limestone base used after the 
first test series, compaction was performed on the two 4 in. (100 mm) 
layers. Compaction was performed at a moisture content of 7 percent by 
96 
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Figure 27. Triple Legged Pneumatic 
Tamper Used on Subgrade. 
Figure 29. Vibrating Plate 
Compactor 
Figure 28. Single Legged Pneumatic 
Compactor Used on Subgrade. 
Figure 30. Vibrating Roller 
using an 840 lb. (380 kg) hand operated vibrating roller (Figure 30). 
Compaction of the two layers was continued until no rut was detected in the 
wheel path of the roller. Typical compacting time per layer was about 30 
minutes. The dolomitic limestone employed in the second series of tests was 
reused in the third series after the bottom 2 in. (50 mm) of material 
contaminated by the subgrade was replaced. In the last series, however, all 
8 in. (200 mm) of base was replaced with fresh limestone aggregate. 
To install pressure cells and strain coils in the aggregate base, holes 
were excavated after compaction of the layer was completed. To prevent 
large aggregate particles from damaging or influencing the output of the 
cells, a fine sand passing the B.S. No. 7 sieve (212 micron) was placed and 
carefully tamped around the instruments. The vertically oriented pressure 
cells were placed in the excavated hole in a prepacked condition, with the 
fine sand backfill held in position over the diaphragm with a thin plastic 
film. A similar installation procedure was used during pressure cell 
calibration in a large triaxial specimen. 
Geosynthetic Reinforcement. 	For each pavement section, the geosynthetic 
was placed after all pressure cells and induction strain coils had been 
installed in the subgrade, or within the aggregate base below the level of 
geosynthetic. The geotextile was stretched tight by hand-pulling at the 
edges while the granular base material was being placed. The geogrid was 
held in place by small U-shaped steel anchors after it was stretched tight 
by hand. 
The induction strain coils were attached to the underside of the woven 
geotextile. To do this, a set of plastic nuts and bolts were used. The 
plastic bolt, which passed through the central hole of the strain coil and 
between the filaments of the geotextile, was tightened against a small nut 
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located on the upper side of the geotextile (Figure 31). For the geogrid, a 
very small hole was drilled through the thick junction of the grid before 
the coil was attached using the plastic nut and bolt (Figure 32). To 
prevent the strain coils from interlocking with the surrounding soil or 
granular material, they were covered on the underside by a small piece of 
geotextile. The geosynthetic used in each test section was carefully 
examined and stored after each series of tests were completed; no 
geosynthetic materials were reused. 
Prerutting. 	Prerutting was carried out in every series of tests after the 
aggregate base was placed, but prior to the construction of the asphalt 
surfacing. The purpose of prerutting was to induce a tensile force in the 
geosynthetic, thereby potentially increasing its effectiveness as a 
reinforcing element. Sometimes prerutting was performed down the center of 
the pavement as a primary test variable. In other instances prerutting was 
carried out along the edge of the pavement as a supplementary study. To 
carry out prerutting, a moving wheel load from the Pavement Test Facility 
was applied directly onto the surface of the granular base layer of the 
pavement section. This simulated the traffic condition during construction 
when heavily loaded trucks pass over the aggregate base. The applied wheel 
loadings varied from 1.1 kips (5 kN) for the sand and gravel base (Test 
Series 1) to 2 kips (9 kN) for the crushed dolomitic limestone used in the 
remaining three test series. When prerutting was conducted along the center 
line of the section under which strain coils were installed, vertical 
permanent deformations were monitored during prerutting of both the 
aggregate surface and the subgrade. The wheel load was discontinued when a 
specified amount of rut was established at the surface of the subgrade. 
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Figure 31. Woven Geotextile with 1 in. Diameter Induction 
Strain Coils. 
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Figure 32. Geogrid with 1 in. Diameter Induction Strain Coils. 
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When prerutting was carried out in areas away from the centerline of 
the pavement section, only the surface rut could be monitored. Criteria to 
discontinue the wheel load was then based on an accumulation of about 2 in. 
(50 mm) of rut at the surface of the aggregate layer. Very often during 
prerutting, the rut created in the aggregate layer needed to be partially 
refilled because the ram used to force the tire against the pavement had a 
limited amount of travel. Upon completion of prerutting, the entire rut in 
the base was refilled and carefully compacted with aggregate preconditioned 
to the proper moisture content. With the exception of the sand-gravel base, 
prerutting generally resulted in local densification of the aggregate base. 
Prestressing Aggregate Base. 	One section included in the Fourth Test 
Series had a prestressed aggregate base. Prestressing was accomplished 
using the stiff geogrid. A schematic diagram showing the prestressing 
arrangement used in the laboratory tests is given in Figure 33. After the 
first layer of granular material was placed and compacted, the geogrid was 
clamped to the side wall of the pavement using the clamping system detailed 
in Figure 33. The geogrid then went through a set of rollers and was 
connected, by way of a load transfer steel bar and steel cable, to a 
hydraulic jack. By jacking against a steel column which was firmly bolted 
to the concrete floor, a tension force was generated and transferred to the 
geogrid. As soon as the target force of 40 lb/in. (7 kN/m) was achieved, a 
second clamping bar was used to lock the geogrid in position thus 
maintaining its tensioned state. In performing the clamping operation, some 
additional tensile force may have been created in the geogrid. After the 
pretensioning force was "locked in" the geogrid, the second layer of 
aggregate base was immediately placed and compacted; the load from the 
hydraulic jack was then released applying a prestress to the base and 
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subgrade. The total period of stretching the geosynthetic (i.e., when the 
hydraulic jack was in action) was about one hour. 
Asphalt Surfacing. 	Both asphalt surface mixes used in this project were 
transported by truck from the same quarry located about 22 miles (35 km) 
from the test facility. Three tons (2730 kg) of material were delivered for 
each test series. This quantity of asphalt is about three times the amount 
required for the single lift construction. The excess material helped to 
prevent rapid loss of heat during transportation. Upon arrival at the test 
facility, the material was transferred to the test sections by using 
preheated wheelbarrows. The temperature of the hot rolled asphalt (HRA) mix 
used in the first series, which used 100 Pen binder, was about 230°F (110°C) 
when it was being placed. The temperature for the AC mix, which used 50 Pen 
binder, was about 320°F (160°C) at the time of placement. 
Compaction of the single layer was performed using the same vibrating 
roller that was employed for the aggregate base. The first pass was made 
without using vibration to avoid creating large distortions. Compaction was 
carried out in both the longitudinal and transverse directions of the 
pavement area. Rolling was continued until no further movement or 
indentation was observed on the surface. The whole sequence of construction 
of the asphalt layer took about 35 minutes. 
To protect the strain coils placed on top of the aggregate layer, they 
were covered with a fine asphalt mix before placement of the main bulk of 
material. All exposed cables were also protected when the mix arrived by 
covering them with carefully selected material from which relatively large 
aggregate particles had been removed. 
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Pavement Surface Profile  
Despite great care during construction, the thickness of the layers of 
the completed pavement were not exactly as specified. This was probably due 
to difficulties in judging the quantity of material required for a specified 
compacted thickness. However, variations between sections within one series 
of tests were within acceptable tolerances, generally less than 10 percent. 
The finished profiles for all 12 sections are summarized in Table 20. The 
thickness of individual layers was obtained by several technique including: 
(1) core samples of the asphalt surfacing, (2) strain coil readings, (3) 
measurements from a reference beam to points on the top and bottom of each 
layer, and (4) cross sections taken during trench excavation at the end of 
each test series. 
Construction Quality Control  
Construction of the subgrade during each series of tests was closely 
monitored. For the first test series, static cone penetrometer tests 
(Figure 34) were performed to determine the corresponding CBR values after 
compaction of each layer of fresh silty clay. The moisture content was also 
measured at a number of locations for each layer of subgrade. After 
placement of the subgrade, four insitu CBR tests (ASTM D4429) and two 
dynamic cone penetrometer tests (Figure 35) were performed at the surface. 
In addition, the nuclear density meter (Figure 36) was used to determine the 
density and moisture content at various locations. The nuclear density 
tests were complimented by regular laboratory moisture and density tests 
using four 2.5 in. (64 mm) diameter tube samples. After the first test 
series, with the exception of the insitu CBR tests, all of the tests 
described above were repeated on the subgrade surface both before and after 
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Figure 34. Static Cone Penetrometer 
Test on Subgrade. 
Figure 35. Dynamic Cone Penetrometer 
Test on Subgrade. 
Figure 36. Nuclear Density Meter Figure 37. Clegg Hammer 
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Gradation tests were performed on the aggregate base when they were 
delivered, after compaction, and at the end of the wheel loading test. In 
general, no significant change in grading was noticed as a result of the 
various operations. At least two dynamic cone penetrometer tests, nine 
Clegg Hammer tests (Figure 37), and nine nuclear moisture-density tests were 
performed on the aggregate base before and after each test series. 
On delivery of the asphalt surfacing, six samples were taken to 
determine the aggregate gradation and binder content. Density of the 
asphalt surfacing immediately after compaction was measured by the nuclear 
density meter. At the end of each test series, at least ten core samples 
were taken to determine the compaction, void ratio and density. 
A summary of the results obtained from the various quality control 
tests just described is given in Table 21. In addition, Falling Weight 
Deflectometer (FWD) tests (Figure 37) were carried out on the test sections. 
Tests were performed directly on the aggregate base as well as on the 
asphalt surfacing. The results of these tests, however, appeared to be 
unsatisfactory due to the fact that very high deflections were obtained from 
the impact load of the FWD, as shown in Table 22. The high deflections 
created difficulties in reliably back-calculating the stiffness of 
individual layers; in most cases, convergence of the analysis was not 
possible. The test results were further complicated by the fact that the 
test facility was constructed on and surrounded by thick concrete which 
reflected abnormal signals to the geophones of the FWD. As a result, the 
shape of the recorded deflection bowl was different from those encountered 
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PAVEMENT TEST PROCEDURES 
Load Application  
The pavement tests were conducted at the University of Nottingham in 
the Pavement Test Facility (PTF) as shown in Figure 38. This facility has 
been described in detail by Brown, et al. [61]. Loading was applied to the 
surface of the pavement by a 22 in. (560 mm) diameter, 6 in. (150 mm) wide 
loading wheel fitted to a support carriage. The carriage moves on bearings 
between two support beams which span the long side of the rectangular test 
pit. The beams in turn are mounted on end bogies which allow the whole 
assembly to traverse across the pavement. Two ultra low friction rams 
controlled by a servo-hydraulic system are used to apply load to the wheel 
and lift and lower it. A load feedback servo-mechanism is incorporated in 
the system to maintain a constant wheel loading. The maximum wheel load 
that can be achieved by the PTF is about 3.4 kips (15 kN), with a speed 
range of 0 to 10 mph (0 to 16 km/hr). The whole assembly is housed in an 
insulated room having temperature control. 
Multiple Track Tests  
The moving wheel in the PTF can be programmed to traverse, in a random 
sequence, across the pavement to nine specified positions (four on each side 
of the center line). At each position a predetermined number of wheel 
passes is applied. The spacing between wheel positions was set at a 
constant step of 3 in. (75 mm). A realistic simulation can be obtained of 
actual loading where traffic wander exists. Table 23 summarizes the loading 
sequence adopted for the last three series of tests. It consisted of a 250-
pass cycle, starting with 55 passes along the center of the section 
(Position 5), followed by 15 passes at position 8, then 7 passes at 9 (refer 





















repeated. During the scheduled recording of output from the 
instrumentation, the center line track was given an additional 100 passes of 
wheel load before actual recording began. This procedure ensured that 
consistent and compatible outputs were recorded from the instruments 
installed below the center line of the pavement. The total number of passes 
in the multiple track tests for the second to fourth series of tests were 
69,690, 100,070 and 106,300, respectively. The distribution of these passes 
across each loading position is shown in Figure 39. Note that the width of 
the tire is larger than the distance between each track position. 
Therefore, during the test, the wheel constantly overlapped two tracks at 
any one time. Hence, the numbers shown in Table 23 and Figure 39 apply only 
to the center of each track position. 
In the first series of tests, because of the rapid deterioration and 
very early failure of the pavement sections, the loading program described 
above could not be executed. The total number of wheel load passes for this 
test series was 1,690, and their distribution is shown in Figure 39. 
Single Track Tests  
On completion of the main multi-track tests, single track tests were 
carried out along one or both sides of the main test area where the pavement 
had not been previously loaded. These special tests normally involved the 
use of a much higher wheel load, so that the deterioration of the pavement 
structure would be greatly accelerated. Stress and strain data were not 
obtained for these single track tests, since instruments were not located 
beneath the loading path. Only surface rut depth was measured. 
Nonetheless, these tests helped greatly to confirm trends observed in the 
development of permanent deformation during the multi-track tests. The 
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of pavement sections tested in the prerutted and non-prerutted condition. 
Three additional single track tests were performed during the second to 
fourth test series. Details of these tests and their purposes are shown in 
Table 24. The designations of the test sections follow those for the multi-
track tests previously described. 
Wheel Loads  
Bidirectional wheel loading was used in all tests. Bidirectional 
loading means that load was applied on the wheel while it moved in each 
direction. The load exerted by the rolling wheel on the pavement during 
Test Series 2 through 4 of the multi-track tests was 1.5 kips (6.6 kN). In 
the first series of tests, due to the rapid deterioration of the pavement 
and hence large surface deformations, difficulties were encountered at an 
early stage of the test in maintaining a uniform load across the three 
pavement sections which underwent different amounts of deflection. 
Therefore, while the average load was 1.5 kips (6.6 kN), the actual load 
varied from 0.7 to 2.5 kips (3 to 11 kN). In subsequent test series, 
however, much stronger pavement sections were constructed, and refinements 
were made in the servo-system which controlled the load. As a result, only 
minor variations of load occurred, generally less than 10 percent of the 
average value. This load variation was probably also due to the unevenness 
in the longitudinal profile of the pavement. In the single track tests, a 
wheel load of 1.8 kips (8 kN) was used for the First Test Series. For all 
other test series a 2 kip (9 kN) load was applied. With the exception of 
the single track test carried out during the first series, all of these 
supplementary tests employed bidirectional loading. 
The tire pressure was maintained at 80 psi (550 kN/m 2 ). Based on a 
previous investigation of the effect of wheel tread, tire wall strength, 
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tire pressure and load, the contact pressures acting on the pavement from a 
1.5 and 2 kip (6.6 and 9 kN) wheel load were estimated to be 67 and 73 psi 
(460 and 500 kN/m2 ), respectively. These gave radii of contact areas, 
assuming them to be circular, of 2.7 and 3 in. (68 and 76 mm), respectively. 
The wheel moved at a speed of about 2 to 3 miles per hour (3.2 to 4.8 
km/hr) with slight variations between forward and reverse direction. Near 
the end of the test when the pavement surface became uneven, a slower speed 
was sometimes necessary to maintain constant loading. 
The temperature inside the PTF was kept at 68 ± 3.6 °F (20 ± 2°C) 
throughout the testing. Temperatures at the asphalt surface and within the 
aggregate base and the subgrade were found to be about 2 to 4 °F (1 to 2oC) 
lower than that of the air. However, it was previously observed that during 
long continuous runs of the PTF, the temperature of the asphalt in the wheel 
track could increase by as much as 9°F (5 °C) due to the repeated loading by 
the wheel. 
Data Recording Procedure  
The transverse profile and permanent strain readings from the aggregate 
base and silty clay subgrade were taken at appropriate intervals during 
testing of all pavement sections to establish their deformation 
characteristics under loading. In addition, elevations of all the reference 
points at the surface of the sections along the center line were measured 
and checked. During the actual loading, resilient strains and transient 
stresses were recorded on an Ultra Violet Oscillograph which also recorded 
wheel load, position and speed. All pressure cells could be recorded 
continuously, but it was only possible to record one strain coil pair at a 
time. Therefore, it normally required about 100 to 200 passes of wheel load 
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induction strain coil readings. A "peak hold" data acquisition system was 
later used to record the peak values of the stress and strain pulses. The 
outputs from the thermocouples, which measured temperature at selected 
depths in the pavement structure, were monitored regularly by means of a 
readout device. Air temperature of the PTF was obtained from a thermometer 
placed inside the facility. 
TEST RESULTS 
A summary of important measured pavement response variables recorded at 
both an early stage of loading, and also near the end of each test series is 
given in Table 25. Unless indicated, all the results were obtained from 
multi-track tests. Most of the results presented show either variation of 
test data with time (i.e., number of load cycles), or with depth in the 
pavement structure at a particular time. The permanent strain results were 
obtained near the end of the test, after relatively large permanent 
deformations had developed. Vertical resilient strains are given at early 
stages of the test when the pavement structure was still undamaged; usually 
only relatively small changes of this variable occurred with time. 
Direct comparisons can be made between each test section within a given 
series. In addition, comparisons can be made between test series if 
appropriate adjustments are made in observed responses, based on the 
relative behavior of the similar control section in each test series. 
Whenever there is more than one value of data available (i.e., permanent 
vertical deformation, permanent vertical strain, subgrade stress, etc.), an 
average value has been reported in the tables and figures. 	Er7-atic data, 
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Permanent Vertical Deformation  
In this study the permanent vertical surface deformation of the 
pavement is taken as the primary indicator of performance. The accumulation 
of surface rutting measured by the profilometer is shown in Figure 40. 
Profiles showing the permanent deflection basin at the end of the tests are 
given in Figure 41. The permanent deformation occurring in the base and 
subgrade are shown in Figures 42 and 43, respectively, and also in Table 25. 
Permanent vertical deformation in both layers was calculated from the 
changes in distance between the pairs of induction strain coils. 
Figure 40 clearly shows that the pavement sections used in the first 
test series are very weak, with large deformations developing in less than 
2000 passes of wheel load. These results indicate that the inclusion of a 
stiff to very stiff geotextile at the bottom of the very weak sand-gravel 
base reduces the amount of rut by about 44 percent for a rut depth of 0.43 
in. (11 mm) in the control section. Furthermore, prerutting does not appear 
to improve the overall rutting performance of the weak pavement section 
compared to the geotextile reinforced section which was not prerutted. 
Because of the use of a higher quality aggregate base and thicker base 
and surfacing, the life for the pavement sections of the other three series 
of tests was considerably longer, as shown in Figure 40. However, in 
contrast to the results of the first test series, the prerutted section in 
the second series performed best. This section was reinforced with a 
geogrid at the bottom of the base and resulted in a 66 percent reduction in 
total rutting of the base and subgrade. Thus, prerutting of the reinforced 
section was quite effective. This finding by itself is misleading, as will 
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4th SERIES  GX-M 
 GD-M 
_pS-GD-M 
Note: PR= Prerutted 	GX= Geotextile M= Middle of Base 
PS= Prestressed GD= Geogrid 	B= Botban of Base 
Figure 41. Pavement Surface Profiles Measurt.d 1)7 Profilometer at 
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very good performance was also observed for prerutted sections which were 
not reinforced. 
Only an 8 percent reduction in rutting was observed for the geogrid 
reinforced section used in Test Series 2 which was not prerutted (Figure 
40b). A similar relatively low level of improvement with respect to rutting 
(13 percent reduction) was observed for the section in Test Series 3 
reinforced with a stiff to very stiff geosynthetic (S g = 4300 lbs/in.; 5.2 
kN/m) located at the bottom of the layer (Table 25; Figure 40c). This 
section was not prerutted. When the location of the geotextile was raised 
to the middle of the aggregate base in Test Series 3, the amount of rutting 
was reduced by a total of 28 percent; most of this improvement occurred 
within the aggregate layer (Table 25; Figure 40c). 
Results from the last series of tests indicate that prestressing the 
aggregate base appears to improve performance compared with a non-
prestressed section having the same geogrid reinforcement (Table 25; Figure 
40c). Further, use of geogrid reinforcement, despite its lower stiffness, 
resulted in better performance than a higher stiffness, woven geotextile (Sg 
= 1600 lbs/in.; 5.2 kN/m) when both were placed at the middle of the 
granular layer (Figure 40d). 
A large portion of the total permanent deformation occurred within the 
aggregate base. Therefore, it follows that the pattern of permanent 
deformation as a function of load repetitions observed in the base was very 
similar to that observed at the pavement surface as can be seen by comparing 
Figure 40 with Figure 42. Permanent vertical deformation in the subgrade 
was relatively small compared to that occurring in the base, particularly 
for the prerutted sections. An important reduction in subgrade deformation 
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as shown in Table 25 and Figure 43. Reductions in subgrade rutting of 25 to 
57 percent were observed for this condition. 
The trend in the development of total permanent deformation in all 12 
sections of the four test series in the multi-track loading tests was 
generally confirmed by the single track studies (Figure 44). 
Permanent Vertical Strain  
The variation of permanent vertical strain with depth for all the 
sections at the end of testing is shown in Figure 45. The average values of 
strain are plotted at the mid-point between the two strain coils which 
measured the corresponding vertical movement. In general, the pattern of 
results is very similar for all test series, with large permanent strain at 
the top of the granular base, decreasing rapidly with depth towards the 
subgrade. Other interesting results that can be obtained from these figures 
reveal the following differences between pavement sections: 
1. When comparing results from the geosynthetic reinforced 
and control sections, a redistribution of vertical 
permanent strain is seen to occur due to the presence of 
the reinforcement. For sections with the geosynthetic 
reinforcement placed at the bottom of the granular base, 
a decrease of strain is generally observed near the top 
of the subgrade. At the same time (with the exception 
of the first series results), an increase in permanent 
strain occurred in the top half of the granular base. 
2. Figure 45 shows that as a result of placing the 
geotextile at the middle of the aggregate base, a 
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Note: PR= Prerutted 	GX= Gectextile M= Middle of base 
PS= Prestressed GCS Geogrid 	B= Bottom of base 
Figure 45. Variation of Vertical Permanent Strain with Depth of 
Pavement for All Four Test Series. 
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immediately below the geotextile, while permanent strain 
at the top of the subgrade increased. 
3. The vertical permanent strains for the two prerutted 
sections are in general smaller than those in the non-
prerutted sections with or without reinforcement, as 
shown in Figures 45a and 45b. The only exception is the 
permanent strain developed within the prerutted sand-
gravel base which shows a greater value than its non-
prerutted counterparts. 
4. Prestressing of the geogrid appears to reduce the 
development of permanent vertical strain in both the 
granular base and the subgrade layer. 
Vertical Resilient Strain  
The variations of vertical resilient strain with depth for all the 
pavement sections are shown in Figure 46. The results for the first series 
of tests are considered unreliable because the pavement structure 
deteriorated rapidly at quite an early stage of the experiment. As a 
result, uniform conditions across all the three sections could not be 
maintained while the resilient response of all the sections was being 
measured. Nevertheless, it is believed that the recorded strain values 
shown in Figure 46a at least in the correct trends. For other series of 
tests, however, the 100 to 200 passes of wheel load required to complete the 
recording procedure did not have a significant influence on the consistency 
of the results. 
Figure 45 shows that the resilient strain profile for all the sections 
have a similar shape and, within one series of tests, a similar magnitude of 
strain. In general, large strains were obtained at the top of both the 
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VERTICAL RESILIENT STRAIN (millistrain) 
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Note: PR= Prerutted 	GX= Geotextile 11= Middle of base 
PS= Prestressed GD= Geogrid 	B= Bottom of base 
Figure 46. Variation of Vertical Resilient Strain with Depth of 
Pavement for All Test Series. 
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aggregate base and subgrade. The non-reinforced control sections (with the 
exception of the first series of tests) normally exhibited slightly higher 
resilient strain than the reinforced sections. However, overall resilient 
response of the pavement sections does not seem to be significantly 
influenced by the geosynthetic reinforcement, regardless of its location 
within the pavement structure. Both prestressing and prerutting appear to 
reduce significantly the resilient strain at the top of the subgrade. 
Lateral Resilient Strain  
Lateral resilient strains were only recorded from the strain coils 
installed on the geosynthetics and in the complimentary location of the 
control sections. The lateral resilient strains recorded during the 4 test 
series are shown in Table 27. In general, for a given test series the 
magnitude of the resilient lateral strain in the geosynthetic reinforcement 
of both sections is quite similar, but that in the non-reinforced control 
section tends to be considerably higher. No consistent trend emerged 
regarding the effect of geosynthetic stiffness and location of the 
reinforcement on the measured resilient lateral strain. 
Longitudinal Resilient Strain  
The results of the resilient longitudinal strain for the asphalt 
surfacing and the aggregate base are shown in Table 27 and Figure 47, 
respectively. Longitudinal resilient strains at the bottom of the asphalt 
surfacing were measured for all the sections. Beginning with the third test 
series they were also measured in two of the three sections at both the top 
and bottom of the aggregate layer. Unlike the vertical resilient strain, 
the longitudinal resilient strain varied greatly throughout the test. 
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NUMBER OF PASSES CF WHEEL LOAD 
Note: 1) For section designation- 
PS= Prestressed GX= Geotextile GD= Geogrid 
B= Geosynthetics placed at middle, bottom of base 
2) For location of strain Reasurerent- 
TOP,BOTTCM= Strain. measured at top, bottom of base 
Figure 47. Variation of Longitudinal Resilient Strain at Top 
and Bottom of Granular Base with Number of Passes 











the aggregate base as the pavement started to deteriorate. Only resilient 
strains at the beginning of the test are shown in Table 27. For resilient 
longitudinal strains measured within the aggregate base, there did not 
appear to be a consistent development trend. Longitudinal strain at the 
bottom of the asphalt surfacing also varied from one series of tests to 
another. This could be at least partly due to the slight differences in the 
finished thickness of the surfacing and base and small differences in 
material properties. 
Transient Stresses  
The variation of transient vertical stress at the top of the subgrade 
during each test for all the pavement sections is shown in Figure 48. The 
subgrade stress for the last three test series remained reasonably constant 
throughout the test, with the magnitude of vertical stress typically varying 
from about 6 to 9 psi (42 to 63 kN/m 2 ). For the first series of tests, 
however, the subgrade stress rapidly increased as the pavement developed 
large permanent deformations early in the experiment. A consistent 
influence of geosynthetic reinforcement on vertical subgrade stress was not 
observed in any of the test series. 
Longitudinal, horizontal transient stress (in the direction of wheel 
traffic) at both the top and bottom of the aggregate base was measured in 
the third and fourth test series. The results, as shown in Figure 49, 
indicate that the horizontal stress at the top of the granular layer 
increased throughout each test. Figure 49a also suggests that the inclusion 
of geosynthetic reinforcement at the middle of the aggregate base may result 
in a slower rate of increase in horizontal stress at the top of the layer. 
The horizontal stress at the bottom of the aggregate base, on the other 
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NUMBER OF PASSES OF WHEEL LOAD 
Note: 1) For section designation- 
PS= Prestressed GX= Geotextile GO= Geogrid 
M, B= Geosynthetics placed at middle, bottom of base 
2) For location of stressrreasurenent- 
TOP, BOTTOM= Stressmeasured at top, bottom of base 
Figure 49. Variation of Transient Longitudinal Stress at Top 
and Bottom of Granular Base with Number of Passes 
of 1.5 kips Wheel Loads - All Test Series. 
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hand, did not appear to be influenced by the progress of the test, nor by 
the presence of a geosynthetic at the center of the layer. 
Single Track Supplementary Tests  
After performing the multiple track tests in Test Series 2 through 4, 
single track tests were then performed along the side of the test pavements. 
These tests were conducted where wheel loads had not been previously applied 
during the multiple track tests. The single track tests consisted of 
passing the moving wheel load back and forth in a single wheel path. These 
special supplementary tests contributed important additional pavement 
response information for very little additional effort. The single track 
tests performed are described in Table 24, and the results of these tests 
are presented in Figure 50. The following observations, which are valid for 
the conditions existing in these tests, can be drawn from these experimental 
findings: 
1. Placement of a geogrid at the bottom of the aggregate 
base did not have any beneficial influence on the 
performance of the unsurfaced pavement in Test Series 2 
(Figure 50a). This test series was conducted before the 
sections were surfaced. For these tests the permanent 
vertical deformation in two reinforced sections and the 
unreinforced control section were all very similar; 
permanent deflections in the reinforced sections were 
actually slightly greater throughout most of the test. 
2. A surfaced pavement section which has been prerutted 
during construction but is not reinforced can perform 
better than a similar section reinforced with a very 
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base, but has not been prerutted (Figure 50b). 
Placement of the very stiff geotextile at the middle of 
the layer did result, for the conditions of the test, in 
important reductions in rutting compared to placing the 
same reinforcement at the bottom of the layer. 
3. The improvement in performance is greater due to a 
combination of prerutting and geosynthetic reinforcement 
at the middle of the aggregate base than is prestressing 
the same geogrid at the same location within the 
aggregate base (Figure 50d). 
Surface Condition and Soil Contamination  
Surface Condition at End of Test. 	The surface condition of the pavement 
sections at the end of the tests is shown in Figure 51. With the exception 
of the first test series, no Class 1 cracks developed within the wheel track 
during the multi-track tests. 
During the single track tests, however, surface cracks were observed 
along the shoulder of the deeper ruts. Heaving outside of the rut was 
generally not observed for the sections with crushed limestone base. 
However, heaving along the edge was evident for the three sections of Test 
Series 1 using the sand-gravel base. 
Soil Contamination. 	Contamination of the aggregate base by the silty clay 
subgrade was evident in most sections except those where a geotextile was 
placed directly on top of the subgrade. Contamination occurred as a result 
of both stone penetration into the subgrade and the subgrade soil migrating 
upward into the base. When a geogrid was placed on the subgrade, upward 

































Depth of soil contamination of the base was found to be in the range of 1 to 
1.5 in. (25 to 38 mm). 
SUMMARY AND CONCLUSIONS 
Both large-scale laboratory tests and an analytical sensitivity study 
were performed to evaluate the performance of surfaced pavements having 
geosynthetic reinforcement within the unstabilized aggregate base. 
Extensive measurements of pavement response from this study and also a 
previous one were used to select the most appropriate analytical model for 
use in the sensitivity study. 
In modeling a reinforced aggregate base, the accurate prediction of 
tensile strain in the bottom of the base was found to be very important. 
Larger strains cause greater forces in the geosynthetic and more effective 
reinforcement performance. A finite element model having a cross-
anisotropic aggregate base was found to give a slightly better prediction of 
tensile strain and other response variables than a nonlinear finite element 
model having an isotropic base. Hence, the elastic cross-anisotropic model 
was used as the primary analysis method in the sensitivity study. The 
resilient modulus of the subgrade was found to very rapidly increase with 
depth. The low resilient modulus existing at the top of the subgrade causes 
a relatively large tensile strain in the bottom of the aggregate base. 
Both the laboratory and analytical studies, as well as full-scale field 
measurements, show that placing a geosynthetic reinforcement within the base 
of a surfaced pavement has a very small effect on the measured resilient 
response of the pavement. Hence, field testing methods that measure 
stiffness such as the falling weight deflectometer tend not to be effective 
for evaluating the potential improvement due to reinforcement. 
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Reinforcement can, under the proper conditions, cause changes in radial and 
vertical stress in the base and upper part of the subgrade that can reduce 
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CHAPTER III 
SYNTHESIS OF RESULTS 
INTERPRETATION, APPRAISAL AND APPLICATION 
INTRODUCTION 
The use of geosynthetics in pavements has dramatically increased over 
the last 10 years. Geosynthetics can be defined as woven, nonwoven and open 
grids type products manufactured from polymers such as polypropylenes, 
polyethylenes and polyesters. Geosynthetics are considered to include woven 
and nonwoven geotextiles, geogrids and other similar synthetic materials 
used in civil engineering applications. 
The present study is concerned with the utilization of a geosynthetic 
within the unstabilized aggregate base of a surfaced, flexible pavement. 
Geosynthetics may be included within the aggregate base of a flexible 
pavement structure to perform the following important functions: 
1. Reinforcement - to structurally strengthen the 
pavement section by changing the response of the 
pavement to loading. 
2. Separation - to maintain a clean interface between an 
aggregate layer and the underlying subgrade. 
3. Filtration - to aid in improving subsurface drainage, 
and allow the rapid dissipation of excess subgrade pore 
pressures caused by traffic loading. At the same time, 
the geosynthetic must minimize the possibility of 
erosion of soil into the drainage layer, and resist 
clogging of the filter over the design life of the 
pavement. 
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Potential geosynthetic applications in pavements not considered in this 
study include their use in overlays to retard reflection cracking, 
reinforcement of an asphalt surfacing mixture, filters for longitudinal 
drains, and in the repair of potholes and for other maintenance operations. 
The emphasis of this study was placed on the reinforcement aspects of 
surfaced pavements. Relatively little is presently known about the 
influence of geosynthetic reinforcement on pavement response. This 
influence can be expressed as changes in stress, strain and deflection 
within the pavement, and how these changes influence overall structural 
fatigue and rutting performance. 
Some emphasis is placed on developing an understanding of the 
fundamental mechanisms of improvement of geosynthetic reinforcement. These 
mechanisms are of considerable importance because of the many new 
innovations in reinforcement that will have to be evaluated in the future. 
For example, the use of steel reinforcement has been introduced as an 
alternative to geosynthetic reinforcement as the present project was being 
carried out. 
The large-scale laboratory test track study and comprehensive 
theoretical sensitivity analyses both performed as a part of this 
investigation clearly show that the potential beneficial effects due to 
reinforcement decrease rapidly as the strength of the subgrade and overall 
structural strength increases. Probably the greatest effect upon 
performance due to reinforcement is the change in lateral stress, 
particularly in the subgrade. Variables associated with geosynthetic 
reinforcement of importance are shown to be geosynthetic stiffness, overall 
strength of the pavement section and strength of the subgrade. 
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Both the separation and filtration mechanisms of geosynthetics are 
analyzed relying mainly upon the existing literature as a part of the 
general synthesis of the use of geosynthetics within aggregate base layers. 
The separation function is shown to be relatively easily achieved using a 
wide range of geosynthetics. The filtration function is shown to be quite 
complicated, with performance depending upon a number of important 
variables. 
For reinforcement to be effective, it must be sufficiently durable to 
serve its intended function for the design life of the facility. Therefore, 
because of its great importance, the present state-of-the-art of durability 
aspects are considered, and put in perspective from the standpoint of 
reinforcement, separation and filtration functions of geosynthetics used in 
aggregate bases. Finally, the numerous findings of all portions of the 
study are interpreted and appraised considering other available experimental 
results, and design recommendations are presented. 
GEOSYNTHETIC REINFORCEMENT 
The response of a surfaced pavement having an aggregate base reinforced 
with a geosynthetic is a complicated engineering mechanics problem. 
However, analyses can be performed on pavement structures of this type using 
theoretical approaches similar to those employed for non-reinforced 
pavements but adapted to the problem of reinforcement. As will be 
demonstrated subsequently, a linear elastic, cross-anisotropic finite 
element model can be successfully used to model geosynthetic reinforcement 
of a pavement structure. 
The important advantage of using a simplified linear elastic model of 
this type is the relative ease with which an analysis can be performed of a 
pavement structure. Where a higher degree of modeling accuracy is required, 
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a more sophisticated but time consuming nonlinear finite element analysis 
can be employed. Use of a finite element analysis gives reasonable accuracy 
in modeling a number of important aspects of the problem including slack in 
the geosynthetic, slip between the geosynthetic and the surrounding 
material, accumulation of permanent deformation, and also the effect that 
prestressing the geosynthetic has on the behavior of the pavement. 
GEOSYNTHETIC STIFFNESS 
The stiffness of the geosynthetic is the most important variable 
associated with base reinforcement that can be readily controlled. In 
evaluating potential benefits of reinforcing an aggregate base, the first  
step should be to establish the stiffness of the geosynthetic to be used.  
Geosynthetic stiffness Sg is equivalent to the modulus of elasticity of the 
geosynthetic times its average thickness. Geosynthetic stiffness should be 
used since the modulus of elasticity of a thin geosynthetic has relatively 
little meaning unless its thickness is taken into consideration. The 
ultimate strength of a geosynthetic plays at most a very minor role in 
determining reinforcement effectiveness of a geosynthetic. This does not 
imply that the strength of the geosynthetic is not of concern. Under 
certain conditions it is an important consideration in insuring the success 
of an installation. For example, as will be discussed later, the 
geosynthetic strength and ductility are important factors when used as a 
filter layer between open-graded drainage layer consisting of large, angular 
aggregate and a soft subgrade. 
The stiffness of a relatively thin geotextile can be determined in the 
laboratory by a uniaxial extension test. The wide width tension test as 
specified by ASTM 61-201 (tentative) is the most suitable test at the 
present time to evaluate stiffness. Use of the grab type tension test to 
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evaluate geotextile stiffness is not recommended. Let the secant 
geosynthetic stiffness Sg , as shown in Figure 52, be defined as the 
uniformly applied axial stretching force F (per unit width of the 
geosynthetic) divided by the resulting axial strain in the geosynthetic. 
Since many geosynthetics give a quite nonlinear load-deformation 
response, the stiffness of the geosynthetic must be presented for a specific 
value of strain. For most, but not all, geosynthetics the stiffness 
decreases as the strain level increases. A strain level of 5 percent has 
gained some degree of acceptance. This value of strain has been employed 
for example by the U.S. Army Corps of Engineers in reinforcement 
specifications. Use of a 5 percent strain level is generally conservative 
for flexible pavement reinforcement applications that involve low permanent 
deformations usually associated with surfaced pavements. 
Classification System. A geosynthetic classification based on stiffness for 
reinforcement of aggregate bases is shown in Table 28. This table includes 
typical ranges of other properties and also approximate cost. A very low 
stiffness geosynthetic has a secant modulus at 5 percent strain of less than 
800 lb/in. (1 kN/m) and costs about $0.30 to $0.50/yd 2 (0.36-0.59/yd2 ). As 
discussed later, for at least low deformation conditions, a very low 
stiffness and also a low stiffness geosynthetic does not have the ability to 
cause any significant change in stress within the pavement and hence is not 
suitable for use as a reinforcement. For low deformation pavement 
structural reinforcement applications, the geosynthetic should be stiff to 
very stiff, with in general S g > 1500 lbs/in. (1.8 kN/m). Several selected 












Figure 52. Basic Idealized Definitions of Geosynthetic Stiffness. 
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Figure 53. Selected Geosynthetic Stress-Strain Relationships. 
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Table 28 
Tentative Stiffness Classification of Geosynthetic 
















(% Initial Length) 
Typical 
Cost Range 
($/yd 2 ) 
Very Low < 800 10-30 50-150 10-100 0.30-0.50 
Low 800-1500 15-50 60-200 10-60 0.40-0.50 
Stiff 1500-4000 20-400 85-1000 10-35 0.50-3.00 






NOTES: 1. The properties given in addition to stiffness are typical ranges of manufacturers 
properties and do not indicate a material specification. 
2. Alternately a 57, secant modulus could be used. 
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REINFORCEMENT MODELING 
Problems associated with modeling the behavior of aggregate bases which 
can take only limited tension are well-known [16,46-49,51,62]. For an 
aggregate base reinforced with a geosynthetic the problem is even more 
complicated due to the presence of a stiff to very stiff geosynthetic 
inclusion which acts as an abrupt discontinuity. 
Consider the behavior of a surfaced pavement as a wheel loading is 
applied. As tensile strain in the aggregate base increases, the force 
developed in the geosynthetic also increases and the beneficial effects of 
reinforcement become greater. This increase in geosynthetic force continues 
to become greater until either the full loading is reached, or else slip 
occurs between the geosynthetic and the materials in which it is sandwiched. 
A surfaced flexible pavement of low to moderate structural strength (AASHTO 
structural number SN 1 2.5 to 3.0) resting on a soft CBR = 3 subgrade, 
however, develops relatively low tensile strain in the aggregate base and 
hence low geoysnthetic forces. 
Modeling. 	The changes in response of the pavement are for the most part 
determined by the tensile strain developed in the geosynthetic. Hence, the 
theory used to model the pavement must be able to predict reasonably well 
the compressive and tensile strains in the aggregate base in addition to the 
conventionally used response parameters including tensile strain in the 
bottom of the asphalt concrete, vertical compressive strain on the subgrade 
and overall surface pavement deflection. As a result of geosynthetic 
reinforcement, the actual changes in stress, strain and deflection in 
pavements of usual strength are relatively small due to the development of 
small tensile strain. 
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As the project progressed, it became apparent that problems existed in 
the conventionally used analytical models as presently applied in predicting 
the response of geosynthetic reinforced pavements. Therefore, a special 
study was undertaken to verify the analytical techniques including material 
properties used to model geosynthetic reinforced pavements. This study was 
accomplished by directly comparing the analytically calculated pavement 
response with that observed in well instrumented pavement sections having 
aggregate bases. 
First the results of an earlier study by Barksdale and Todres [44,45] 
were used involving fully instrumented, full-scale pavements constructed in 
the laboratory. After the experimental findings of the present study became 
available, the extensive stress, strain and deflection measurement data were 
used in developing suitable analytical models. These large scale laboratory 
tests involved applying a moving wheel loading to both geosynthetic 
reinforced and non-reinforced pavement sections. These tests were 
previously described in Chapter II. 
Cross-Anisotropic Model. 	Measured vertical and horizontal strains from 
both of the well-instrumented laboratory studies clearly indicate the 
aggregate base performs much stiffer in the vertical direction than in the 
horizontal direction. These results can only be explained if the aggregate 
base behaves as a cross-anisotropic solid. As a result, a linear elastic, 
cross-anisotropic finite element model appears to give the best overall 
predictions of pavement response (Tables 2 and 4). The model can predict 
reasonably well the measured strain state in the aggregate base, and also 
the commonly used response parameters such as tensile strain in the bottom 
of the asphalt, and vertical compressive strain on top of the subgrade. 
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The best agreement with observed response was found for a cross-
anisotropic model whose vertical resilient moduli of the base became about 
40 percent smaller in going from the upper one-third to the lower one-third 
of the aggregate base. Also, best agreement was found when the model became 
progressively more cross-anisotropic with depth. In the upper one-third of 
the base the horizontal resilient modulus was taken to be about 80 percent 
of the vertical modulus. In the lower one-third of the aggregate base, the 
horizontal modulus decreased to about 3 percent of the vertical resilient 
modulus at that location (refer to Tables 3 and 5). 
Linear elastic models having a homogeneous, isotropic subgrade tended 
to underpredict tensile strain in the bottom of the aggregate base by a 
factor of about three. A linear elastic cross-anisotropic model having a 
homogeneous, isotropic base underpredicted the base tensile strain by about 
30 to 40 percent. Nonlinear models employing typical resilient subgrade 
properties of the type shown in Figure 6 also under-predicted tensile 
strain. 
Use of a subgrade whose resilient modulus increases significantly with 
depth greatly increases calculated tensile strains in the aggregate base, 
and hence shows much better agreement with observed pavement response (Table 
2). This was true for either the cross-anisotropic model or the nonlinear 
finite element models. 
For the micaceous silty sand and silty clay subgrades used in the 
validation studies, the resilient subgrade modulus near the surface appeared 
to be about 10 and 20 percent, respectively, of the average resilient 
subgrade modulus as shown in Figure 54. As expected, the resilient modulus 
of the soft silty clay subgrade apparently did not increase as much as that 
of the micaceous silty sand subgrade. These increases in subgrade resilient 
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modulus are quite large, particularly considering that the subgrades were 
only about 4 ft. (1.2 m) in thickness. The rigid layer which was located 
below the subgrade in the instrumented studies may have had some influence 
on performance. However, it is believed not to be a dominant factor 
effecting the increase in modulus with depth. A discussion of the increase 
in resilient modulus with depth has been given by Brown and Dawson [89]. 
Nonlinear Isotropic Model. 	A nonlinear isotropic model was used in the 
sensitivity study primarily to investigate the effect of special variables 
such as geosynthetic slip, aggregate base quality and permanent deformation. 
The nonlinear, isotropic finite element model used can, upon proper 
selection of material parameters, be made to predict reasonably well the 
tensile strain in the aggregate base, and also the commonly used response 
parameters. The isotropic nonlinear analysis cannot, however, predict at 
the same time both the large tensile strain measured in the bottom of the 
aggregate base, and the small measured vertical resilient strain observed 
throughout the aggregate layer. Use of a simplified contour model [48,49] 
appeared to give better results than the often used K-O type model for the 
aggregate base. 
When the nonlinear properties originally selected for the subgrade were 
employed, the nonlinear analysis underpredicted vertical strain in the 
subgrade. The nonlinear resilient modulus was therefore adjusted to 
approximately agree with the variation of modulus with depth shown in Figure 
54. 
Summary. Reasonably good response was obtained using both the linear 
cross-anisotropic model and the nonlinear model. The cross-anisotropic 
model appears to give slightly better results and was more economical to 
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use. Therefore it was the primary method of analyses employed in the 
sensitivity study. Considerable progress was made in this study in 
developing appropriate techniques to model both reinforced and non-
reinforced aggregate bases. Better models could probably now be developed 
using the results of this study. The analytical models and material 
properties used in the sensitivity study should, however, be sufficiently 
accurate to give acceptable results that can show the potential relative  
effect of aggregate base reinforcement. 
IMPROVEMENT MECHANISMS 
The analytical and experimental results show that placement of a stiff 
to very stiff geosynthetic in the aggregate base of a surfaced pavement 
designed for more than about 200,000 equivalent 18 kip (80 kN) single axle 
loads results in relatively small changes in the resilient response of the 
pavement. Field measurements by Ruddock, et al. [21,30] also confirm this 
finding. Pavement response is defined in terms of the resilient stresses, 
strains and displacements caused by the applied loadings. 
The analytical results shown in Figure 55 (and also in Tables 9 through 
11 of Chapter II) indicate radial strain in the asphalt surfacing and 
surface deflection are changed usually less than 5 percent, and vertical 
subgrade strain less than 10 percent. This level of change holds true even 
for relatively light structural sections placed on a soft subgrade and 
reinforced with a very stiff geosynthetic having S g = 4000 lbs/in. (7 kN/m). 
Even though the changes in response are relatively small, some usually 
modest improvement can be derived from reinforcement following the commonly 
employed design approaches of limiting vertical subgrade strain and radial 
tensile strain in the asphalt. Specific benefits resulting from 
reinforcement using these criteria are discussed later. 
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Pavement Stiffness  
The structural strength of a pavement section is frequently evaluated 
using the falling weight deflectometer (FWD) or Dynaflect devices. These 
devices measure the deflection basin and the overall stiffness of the 
pavement [62]. The overall stiffness of a structural section can be defined 
as the force applied from a loading device such as a falling weight 
deflectometer (FWD) divided by the resulting deflection. The analytical 
results of this study indicate the overall increase in stiffness of the 
pavement will be increased less than about three percent, even when a very 
stiff geosynthetic is used as reinforcement. The laboratory test results 
also indicate no observable improvement in pavement stiffness. 
The improvement in stiffness resulting from geosynthetic reinforcement 
is therefore too small to reliably measure in either a full-scale or 
laboratory pavement. The results of several field studies also tend to 
substantiate this finding [21,30,38,39]. Dynaflect measurements in Texas 
described by Scullion and Chou [63] showed one section to be stiffened when 
a geosynthetic is added, while another indicated no observable difference. 
Variations in pavement thickness and/or material quality including subgrade 
stiffness could account for the difference in overall pavement stiffness 
observed for the one series of tests in Texas. These findings therefore  
indicate stiffness is a poor indicator of the potential benefit of  
geosynthetic reinforcement on performance.  
Radial Stress and Strain. 	Both the laboratory and analytical results 
indicate the change in radial stress and strain as a result of base 
reinforcement to probably be the most important single factor contributing 
to improved pavement performance. The experimental measurements show the 
strain in the geosynthetic to be on the order of one-half the corresponding 
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strain in a non-reinforced aggregate base (Table 27). The analytical 
studies performed on stronger sections indicate changes in radial strain in 
the bottom of the base to be about 4 to 20 percent for sections having low 
to moderate structural numbers. 
Changes in radial stress determined from the analytical study typically 
vary from about 10 percent to more than 100 percent of the corresponding 
radial stress developed in an unreinforced section (Figure 56). Recall that 
tension is positive so the decrease in stress shown in Figure 56 actually 
means an increase in confinement. 
Considering just the large percent change in radial stress, however, 
does not give the full picture of the potential beneficial effect of 
reinforcement. First, the actual value of change in radial stress is 
relatively small, typically being less than about 0.5 to 1.0 psi (3-7 kN/m 2 ) 
for relatively light sections. As the pavement section becomes moderately 
strong (structural number SN Z. 4.5), however, the changes in radial stress 
typically become less than about 0.1 psi (0.7 kN/m 2 ) as shown in Table 10. 
Secondly, the radial stresses, including the relatively small changes 
resulting from reinforcement, must be superimposed upon the initial stresses 
resulting from body weight and compaction effects as illustrated in Figure 
57. The initial stress in the base is likely to be at least twice as large, 
or even more, than the radial stress caused by the external loading. As a 
result, the beneficial effects of changes in radial stress caused by 
reinforcement are reduced but not eliminated. 
As the resilient modulus of the subgrade and the ratio between the base 
modulus and subgrade modulus decreases, the strain in the geosynthetic 
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Permanent Deformation. The small beneficial changes in radial stress due to 
reinforcement can have under the proper conditions important effects on 
rutting permanent deformation. The largest beneficial effects by far are 
realized when the stress state is close to failure on an element of material 
in, for example, the top of the subgrade. The addition of reinforcement 
causes a small but important change in radial stress, and also a slight 
reduction in vertical stress. As a result both the confining pressure and 
deviator stress on an element of subgrade soil are decreased slightly. If 
the initial stress state is near failure, very important reductions in 
permanent deformation can occur as illustrated in Figure 58. When examining 
Figure 58 remember that permanent deformation is proportional to the 
permanent strain developed in a thin sublayer of material. Because of the 
highly nonlinear stress-permanent strain response of the subgrade or base 
(Figure 58), a small increase in confining pressure and decrease in deviator 
stress can lead to a significant reduction in permanent deformation when 
near failure. The reduction in permanent deformation becomes 
disproportionately larger as the stress state in the top of the subgrade (or 
bottom of the base) moves closer to failure. Conversely, as the stress 
state becomes less severe, the beneficial effect of reinforcement becomes 
disproportionately less. 
Depth of Subgrade Improvement. The laboratory studies indicate both 
resilient and permanent strains in the subgrade, when reduced, were only 
changed to a depth of about 6 to 7 in. (150-180 mm) below the surface of the 
subgrade. The tire loading in this case, however, was relatively light. 
For the heavy load used in the analytical study, the depth of reduction in 
permanent strain in the subgrade was about 12 in. (300 mm). Findings by 
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of improvement in the subgrade is relatively shallow. The changes in radial 
stresses appear to be due to the reduction in tensile strain caused in the 
lower part of the aggregate base. 
Tensile Strain Variation with Load Repetitions. Strain measurements made in 
the third test series of the experimental study show at low load repetitions 
a very large reduction in tensile strain in the bottom of the aggregate base 
due to reinforcement. With increasing numbers of load repetitions, however, 
the difference in tensile strain due to reinforcement appeared to disappear 
and eventually the tensile strain in the nonreinforced sections was less 
than in the reinforced one. In this comparison a geotextile reinforcement 
was located in the middle of the base. 
Summary  
The effect of geosynthetic reinforcement on stress, strain and 
deflections are all relatively small for pavements designed to carry more 
than about 200,000 equivalent 18 kip (80 kN) single axle loads. As a 
result, geosynthetic reinforcement of an aggregate base will have relatively 
little effect on overall pavement stiffness. A modest improvement in 
fatigue life can be gained from reinforcement as discussed subsequently. 
The greatest beneficial effect of reinforcement appears to be due to 
changes in radial stress and strain together with small reductions of 
vertical stress in the aggregate base and on top of the subgrade. 
Reinforcement of a thin pavement (SN = 2.5 to 3) on a weak subgrade (CBR < 
3) potentially can significantly reduce the permanent deformations in the 
subgrade and/or the aggregate base. As the strength of the pavement section 
increases and/or the materials become stronger, the state of stress in the 
aggregate base and the subgrade moves away from failure. As a result, the 
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improvement caused by reinforcement would be expected to rapidly become 
small. 
REINFORCEMENT EFFECTS 
The primary factors associated with aggregate base reinforcement are 
discussed including their interaction with each other and the overall 
pavement. Geosynthetic reinforcement levels included in the analytical 
sensitivity study vary from low to high stiffness (S g = 1000 to 6000 
lbs/in.; 1.2-7.3 kN/m). The influence of reinforcement on the required 
pavement thickness is studied considering both fatigue and permanent 
deformation (rutting) mechanisms. Alternate thicknesses are given from the 
analytical sensitivity study for subgrade strengths varying from a resilient 
modulus of 3500 psi (24 kN/m 2 ) to 12,500 psi (86 MN/m2 ). This range of 
subgrade stiffness approximately corresponds to a variation of CBR from 3 to 
10. Effects of reinforcement on permanent deformations that might occur in 
the base are also considered, and a number of practical aspects are examined 
such as slack and slip of the geosynthetic. 
In the analytical sensitivity study the reduction in aggregate base 
thickness as a result of geosynthetic reinforcement was determined using an 
equal strain approach for controlling fatigue and rutting. A reduction in 
base thickness due to reinforcement was established by requiring the 
reinforced section to have the same tensile strain in the bottom of the 
asphalt surfacing as the non-reinforced section. A similar procedure was 
employed to determine the reduction in base thickness for equal vertical 
strain near the top of the subgrade. An estimate of reduction in rutting in 
the aggregate base and subgrade was also made using the layer strain method. 
The layer strain method and the permanent strain materials properties 
employed in the analysis are described in Chapter II. 
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Optimum Geosynthetic Position  
The laboratory pavement tests together with the results of the 
analytical sensitivity study can be used to establish the optimum positions 
for placement of geosynthetic reinforcement within an aggregate base. The 
experimental findings of Test Series 3 nicely demonstrates the effect of 
position on performance with respect to permanent deformation. 
Permanent Deformation - Experimental Findings. 	Test Series 3 was 
constructed using a stiff asphalt surfacing mix 1.2 in. (30 mm) thick, and 
an 8 in. (200 mm) crushed limestone base. A stiff to very stiff woven 
geotextile was used (S g = 4300 lb/in.; 5 kN/m). The geotextile was placed 
at the bottom of the base in one section, and at the center of the base in 
another section. A control section without reinforcement was also present. 
A total of 100,070 load repetitions were applied by a 1.5 kip (6.7 kN) wheel 
load. This test series was terminated when the total permanent deformation 
reached about 1 in. (25 mm). 
When placed in the bottom of the aggregate base, the stiff to very 
stiff geotextile caused a 57 percent reduction in permanent deformation in 
the subgrade, but only a 3 percent reduction of permanent deformation in the 
aggregate base (Table 25). In contrast, when the same geotextile was placed 
in the middle of the aggregate base, permanent deformation in the base was 
reduced by 31 percent. Subgrade permanent deformations, however, were 
reduced by only 14 percent. 
The results of Test Series 2 also tends to verify these findings. A 
geogrid, when placed in the bottom of the base, did not decrease the 
permanent deformation in the base (measurements suggested an increase of 5 
percent). A 52 percent reduction in permanent subgrade deformation did, 
however, apparently occur. 
164 
Permanent Deformation - Analytical Results. An analytical study was also 
performed to establish the effect of geosynthetic position on the reduction 
in rutting in the base and subgrade (Tables 29 and 30). Tables 29, 30 and 
also other tables and figures in this chapter frequently express improvement 
due to reinforcement in terms of a reduction in base thickness. The actual 
reduction in base thickness would be equal to the base thickness without 
reinforcement indicated in the table or figure multiplied by the percent 
reduction, expressed of course as a decimal. 
The results of this analytical study for the standard reference section 
having a 2.5 in. (64 mm) thick asphalt surfacing and a relatively soft 
subgrade (E s = 3500 psi; 24 MN/m2 ) are summarized in Figures 59 and 60. The 
reduction in subgrade deformation gradually goes from about 45 percent to 10 
percent as the geosynthetic location goes from the bottom of the base to a 
location 2/3 up from the bottom. Conversely, the reduction of permanent 
deformation in the base becomes much greater as the reinforcement is moved 
upward in the base (Figure 60). 
In Figures 59 and 60 the bold solid symbols indicate observed 
reductions in rutting from the previously described Test Series 3 
experiment. Geotextile reinforcement positions were at the bottom and 
center of the layer. The agreement between the observed and calculated 
reductions in rutting are reasonably good. The maximum measured reductions 
in rutting are greater than calculated values for similar pavement base 
thicknesses. Material properties of the test sections were, however, poorer 
than for standard reference sections. Also, the asphalt thickness of the 
experimental sections were only 1.2 in. (30 mm) compared to 2.5 in. (64 mm) 
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Figure 60. Reduction in Base Permanent Deformation. 
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Fatigue. 	The analytical results (Table 29) show from a fatigue standpoint 
that placing the reinforcement 1/3 to 2/3 up in the base is better than at 
the bottom. The maximum calculated changes in tensile strain in the asphalt 
were less than about 3 percent. These small changes in tensile strain, 
however, cause reductions in required base thickness of up to about 20 
percent (Table 29) for light pavements on a subgrade having a low resilient 
modulus Es = 3500 psi (24 MN/m2 ). It is hard to tell if the analytically 
calculated reductions in strain in the bottom of the asphalt surfacing are 
valid. Strain measurements from Test Series 3 indicate that placement of a 
stiff to very stiff geotextile in the middle of the aggregate base reduced 
the tensile strain by about 26 percent. In contrast, the measurements from 
Test Series 2 showed the strain in the bottom of the layer to be higher due 
to the placement of a stiff geogrid at the bottom of the layer. 
Full-scale measurements made by van Grup, et al. [41] did indicate an 
extremely stiff steel mesh reinforcement placed at the top of the aggregate 
base can under certain conditions reduce tensile strains by about 18 
percent. If only fatigue is of concern, the reinforcement should be placed 
at the top of the base. 
Summary. 	The optimum position of the geosynthetic with respect to 
minimizing permanent deformation depends upon the strength of the section, 
specific material properties and loading conditions. To minimize rutting in 
the aggregate base, the optimum reinforcement position is near the middle of 
the base, or perhaps as high as 2/3 up as indicated by the analytical study. 
Consideration should be given to placing the reinforcement at this location 
where low quality aggregate bases are used known to have rutting problems. 
A greater beneficial effect will also be realized for this higher location 
of reinforcement with respect to fatigue of the asphalt surfacing. 
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The analytical results indicate that when high quality base materials 
and good construction practices are employed, probably reinforcement, if 
used, should be placed in the bottom of the base. The purpose of this 
reinforcement would be to reduce rutting within a soft subgrade typically 
having a CBB<3. Both the laboratory tests and the analytical study 
indicates placement of the reinforcement at the bottom of the layer should 
be most effective where a soft subgrade is encountered, particularly if it 
is known to have problems with rutting. 
The analytical results indicate to minimize fatigue cracking of the 
asphalt surfacing, the reinforcement should be placed somewhere between the 
middle and the top of the layer. Also, reductions in tensile strain 
indicated by the analytical theory due to reinforcement might not be as 
great as actually occur in the pavement. The reduction in tensile strain in 
general should be considerably less for full size sections than the 26 
percent reduction observed for Test Series 3. Nevertheless, even small 
reductions in tensile strain in the bottom of the asphalt can cause 
disproportionately large reductions in required aggregate base thickness. 
Base Quality  
Use of a low quality base can cause a significant reduction in the 
level of pavement performance due to increased permanent deformation and 
surface fatigue as a result of a lower resilient modulus. A low quality 
base might be caused by achieving a compaction level less than 100 percent 
of AASHTO T-180 density, or by using low quality materials. Low quality 
aggregate bases would include those having a fines content greater than 
about 8 percent and also gravels, sand-gravels and soil-aggregate mixtures. 
Use of a high fines content base cannot only result in rutting and fatigue, 
but it is also frost susceptible [74]. 
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Observed Test Section Improvements. 	The pavement used in Test Series 1 had 
a 1.4 in. (36 mm) bituminous surfacing and 6 in. (150 mm) thick sand-gravel 
base. The pavement failed after about 1262 wheel repetitions (Table 25). 
At this time the base of the control section without reinforcement had a 
permanent deformation of 0.69 in. (18 mm). The companion section having a 
very stiff geotextile (S g = 4300 lbs/in.; 5 kN/m) at the bottom of the base 
had a corresponding permanent deformation of only 0.35 in. (9 mm). Thus for 
under-designed sections having low quality bases, geosynthetic reinforcement 
can reduce base rutting up to about 50 percent as observed in Test Series 1. 
Of interest is the finding that at about one-half of the termination rut 
depth, the reduction in base rutting was also about 50 percent. 
The same very stiff geotextile was used in Test Series 3 as for Test 
Series 1. As previously discussed, the sections included in Test Series 3 
were considerably stronger than the first series. Test Series 3 sections 
had a thicker 8 in. (200 mm) crushed limestone base, and had an asphalt 
surfacing rather than the rolled asphalt used in the first series. The 
pavement of Test Series 3 withstood about 100,000 load repetitions, 
confirming it was a higher quality pavement than used in the first series. 
When the very stiff geosynthetic reinforcement was placed at the bottom 
of the base, permanent deformation within the base was reduced by only 3 
percent compared to 50 percent for the lower quality pavement of Test Series 
1. In contrast, placement of the same reinforcement at the center of the 
base resulted in a 31 percent reduction of permanent deformation within the 
base. 
Analytical Results. 	Results of a nonlinear finite element analysis 
indicate that for low quality bases, the ratio of the average resilient 
modulus of the base to that of the subgrade (Eb/E s ) is on the average about 
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1.45 compared to about 2.5 for high quality materials for the sections 
studied. Therefore, reductions in rutting in the light reference pavement 
previously described were developed for both of the above values of modular 
ratios (Table 31). The stress state within the pavement was first 
calculated using the cross-anisotropic analysis and these modular ratios. 
The layer strain approach was then employed together with appropriate 
permanent strain properties to calculate permanent deformations. 
Both a high quality base (indicated in the tables as a "good" base), 
and a low quality base (indicated as a "poor" base) were included in the 
layer-strain analyses (Table 31). A complete description of the layer 
strain approach and the permanent strain material properties were previously 
given in Chapter II. 
Calculated permanent deformations are given in Tables 29 and 30 for 
both the poor and good bases for a modular ratio Eb/E s = 2.5; this was done 
simply to extend the results, and develop a better understanding of the, 
influence of reinforcement on permanent deformation. Strictly speaking, the 
lower quality base properties should probably not have been used with the 
stress states obtained from analyses for Eb/E s = 2.5. The results for a 
lower modular ratio Eb/Es = 1.45 suitable for lower quality base pavements 
was only given in Table 31. 
Use of a geosynthetic reinforced low-quality aggregate base results in 
about 3 times greater reduction in actual permanent displacement (expressed 
in inches) in the base than for a high quality base. The analytical results 
indicate little change in permanent deformation developed in the base with 
position of the geosynthetic. The experimental findings, however, show 
reinforcement at the middle of the base to be most effective and is 






































































































































































































































































































































































































































































































































































































.0 so 	M M 	 o-I M r••1 
1-4 	0 0 0 0 •■•1  0 
I 
O
• 	• 	• 
0 0 	0 0 	 0 0 0 
- 
173 
Geosynthetic Stiffness  
The analytical results indicate that geosynthetic stiffness has an 
important effect upon the level of improvement as shown in Figures 61-62 
(refer also to Tables 29 and 30). For stiffnesses greater than about 4000 
lbs/in. (4.9 kN/m), the rate of change in improvement with increasing 
stiffness appears to decrease. 
The pavement sections given in Figures 61 and 62 have an asphalt 
surface thickness of 2.5 in. (64 mm) and a subgrade with a resilient modulus 
of 3500 psi (24 MN/m2 ) corresponding to a CBR of about 3. Base thicknesses 
varied from 9.75 to 15.3 in. (250-390 mm). 
For these conditions an AASHTO design for 200,000 equivalent 18 kip (80 
kN) single axle loads (ESAL t s) would have a base thickness of about 12 in. 
(300 mm). The equal vertical subgrade strain analytical approach (Figure 
61) indicates that allowable reductions in base thickness for this design 
would increase from about 3 to 16 percent as the geosynthetic stiffness 
increases from 1000 to 6000 lbs/in. (1.2-7.3 kN/m). Permanent deformations 
as determined by layer strain theory would be reduced from 12 to 36 percent 
for a similar variation in geosynthetic stiffness (Figure 62a). The 
experimental results suggest the levels of improvement in rutting shown on 
Figure 62 might be too high for the pavement section used in the comparison. 
These results indicate that very low stiffness geosynthetics (Sg < 800 
lb/in.; 1 kN/m) would be expected to have from a practical viewpoint no 
noticeable effect on pavement performance. This would be true even for the 
relatively light structural sections shown in Figures 61 and 62. 
Structural Strength  
The beneficial effect of reinforcement in terms of reduction in base 
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becomes greater when all other variables were held constant. Consider the 
light reference pavement described in the previous section (2.5 in. AC, E s = 
3500 psi; 64 mm, 24 MN/m2 ), with reinforcement in the bottom having an S g = 
4000 lbs/in. (4.9 kN/m). Increasing the base thickness from 9.75 in. (250 
mm) to 15.3 in. (400 mm) results, based on subgrade strain criteria, in a 
very small reduction in base thickness decreasing from 14 to 12 percent 
(Figure 61a). Reductions in rutting of the base and subgrade computed by 
layer strain theory were from 39 to 22 percent. As shown in Figure 63, the 
total reduction in permanent deformation increases from about 10 to 55 
percent as the thickness of the pavement decreases from 15 to 6 in. (381-150 
mm). 
The results of Test Series 2 and 3 suggest actual levels of improvement 
in permanent deformation for the sections shown in Figures 61 and 62 might 
not be as great as indicated by layer strain theory. However, for the first 
series of laboratory pavement tests, the observed reduction in rutting due 
to reinforcement was about 44 percent. 	These sections tested were thin, 
very weak and placed on a poor subgrade (E s = 2000 psi; 13.8 MN/m 2 ). Thus, 
both the laboratory and analytical results indicate if the system is weak 
enough so that stresses are close to failure, important reductions in 
permanent deformations can be achieved by base reinforcement. 
Now consider the effect of significantly increasing the load carrying 
capacity of the pavement from the 200,000 ESAL's of the previous example to 
perhaps a more typical value of 2,000,000 ESAL's. The subgrade resilient 
modulus will remain the same with E s = 3500 psi (24 MN/m 2 ). Let the asphalt 
surfacing increase from 2.5 to 6.5 in. (54-165 mm), with an aggregate base 
thickness of about 12.4 in. (315 mm). For a section having this structural 
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either with or without reinforcement (Table 10). For example, the total 
change in radial stress due to loading near the top of the subgrade is less 
than 0.1 psi (0.7 kN/m2 ). As shown in Table 30, at best very little 
reduction in rutting occurs as a result of reinforcement. This conclusion 
is in agreement with previous observations of Brown, et al. [37] for large-
scale laboratory pavements and by Ruddock, et al. [21,30] for a full-scale 
pavement having a comparable bituminous thickness to the section above. 
Subgrade Strength. A decrease in the strength of the subgrade as defined 
by the subgrade stiffness Es has a very dramatic beneficial effect on the 
level of improvement due to reinforcement that can be expected based on the 
fatigue and rutting equal strain comparisons. Consider a pavement having an 
asphalt surface thickness of 2.5 in. (64 mm), and a base thickness of 9.7 
in. (250 mm). Figure 64 summarizes the beneficial effect of reducing the 
subgrade stiffness for this pavement from Es = 12,500 psi (86 MN/m2 ) to 3500 
psi (24 MN/m 2 ). This reduction in stiffness caused the percent decrease in 
base thickness due to reinforcement to increase from about 5 to 14 percent 
for a stiff geosynthetic having S g = 4000 lbs/in. (4.9 kN/m). For a similar 
section having a reinforcement stiffness S g = 6000 lbs/in. (7.3 kN/m), the 
corresponding decrease in base thickness went from 6 to 16 percent as the 
stiffness of the subgrade decreased. These comparisons are both for equal 
vertical subgrade strain criteria. This criteria gives the grestest 
reductions in base thickness. 
For a given structural section, the layer strain theory would also show 
a significant increase in beneficial effect with regard to rutting as the 
strength of the subgrade decreases. For all computations of permanent 
deformation using the layer strain approach, however, the same subgrade 
permanent strain properties were used, regardless of the resilient modulus 
178 
employed in the analysis. Suitable permanent deformation properties for 
other subgrades were not available. 
The laboratory test track and sensitivity studies both indicates that 
an important improvement in performance with respect to rutting can be 
obtained when a weak section is constructed on a soft subgrade with a CBR<3, 
provided a suitable stiff to very stiff reinforcement is placed at the 
correct location. Even when a subgrade is present having a CBR<3, the 
economics associated with geosynthetic reinforcement compared to other 
alternatives must be carefully evaluated as discussed later. 
Slack  
During installation of a geosynthetic slack in the form of wrinkles and 
irregularities may develop in the reinforcement. As a result, its ability 
to provide reinforcement may be significantly reduced as indicated by a 
supplementary nonlinear finite element sensitivity study. Figure 65 shows 
that even a small amount of slack in a geosynthetic theoretically can result 
in a very significant reduction in the force developed in the reinforcement. 
The rate of reduction in geosynthetic force becomes less as the amount of 
slack increases. 
As used in this study, slack is defined in terms of a strain in the 
geosynthetic. Hence, slack expressed as a displacement equals a 
geosynthetic length, such as its width, times the slack expressed as a 
decimal. A slack of 0.1 percent corresponds to 0.14 in. (3.6 mm) in a 
distance of 12 ft. (3.6 m). Slack in a geosynthetic as small as about 0.1 
percent of its width can reduce the geosynthetic force by about 60 percent, 





























0.0 	0.2 	0.4 	0.6 	0.8 
	
1.0 
SLACK IN GEOSYNTHETIC-PERCENT OF LENGTH 
Figure 65. Theoretical Effect of Slack on Force in Geosynthetic: 
2.5 in. AC/9.72 in. Base. 
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In an actual installation the effect of slack may not be quite as great 
as indicated by theory. This would be due to the geosynthetic generally 
being in full contact with the surrounding materials after construction has 
been completed. In laboratory tests, such as those performed for this 
study, slack can be easily removed by hand stretching the small pieces of 
geosynthetic required in these tests. In full-scale field installations, 
slack is an important practical consideration, and it must be minimized 
through proper construction practices as discussed later. 
Poisson's Ratio. 	The value of Poisson's ratio of the geosynthetic was 
found to have a moderate effect on the force developed in the geosynthetic. 
As the value of Poisson's ratio increases, the force developed in the 
geosynthetic also becomes larger, and hence the effectiveness of the 
reinforcement increases. For light pavement sections on a weak subgrade, 
increasing Poisson's ratio v from 0.2 to 0.4 resulted in a 29 percent 
increase in the force developed in the geosynthetic; corresponding 
reductions in tensile strain in the asphalt surfacing and vertical 
compressive strain on the subgrade were less than 0.2 and 1 percent, 
respectively. Further, the compressive increase in radial stress was about 
0.075 psi (0.5 MN/m2 ). A Poisson's ratio of 0.3 was used in all other 
sensitivity analyses. 
In summary, if all other factors are equal, the geosynthetic having the 
greatest value of Poisson's ratio should perform best. The improvement in 
performance for moderate increases in Poisson's ratio should be reasonably 
small. Such improvements would be very hard to detect experimentally 
because of variability in the results. Practically no information is 
presently available concerning the value of Poisson's ratio for 
geosynthetics. 
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Geosynthetic Slip  
A slip failure can occur along the interfaces between the geosynthetic 
and the materials above and below. The occurrence of interface slip reduces 
the effectiveness of the geosynthetic reinforcement to improve pavement 
performance. As the rutting beneath the geosynthetic increases, the 
tendency to slip would also increase. Whether slip occurs depends upon (1) 
the shear strength T that can be developed between the geosynthetic and the 
materials in contact with it, and (2) the level of shear stress developed 
along the interface due to the external load applied to a particular 
pavement structure. The level of applied shear stress is related to both 
the resilient and permanent deformations in the pavement, including the 
shape of the deflection basin. 
Slip may occur directly at the interface between the geosynthetic and 
the adjacent soil, or by sliding of soil on soil immediately adjacent to the 
interface. The resulting ultimate interface shear stress, T for sliding at 
the interface can be predicted by the expression: 
T = C a + on tans 
	
(9 ) 
where: T = ultimate shearing resistance along the 
interface 
an = stress acting normal to the geosynthetic 
Ca = adhesion 
= friction angle 
The contact efficiency e between the geosynthetic and the surrounding 
material is defined as e = 6/0 and is expressed as either a percent of or 
in decimal form [651. Angular, well-graded sands and silty sands have been 
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found to exhibit high efficiencies when in contact with most geotextiles. 
Angular soil grains exhibit better friction performance than rounded grains. 
Testing Methods. The interface friction characteristics of a geosynthetic 
to be used for aggregate base reinforcement can be best evaluated using a 
direct shear test [64-68] as compared to a pullout type test [65,69,70]. 
Either a free or a fixed type direct shear test can be used. The free type 
direct shear test appears, however, to be preferable to the fixed test. In 
the free type direct shear test, one end of the geosynthetic is left free as 
shown in Figure 66. The same materials to be used in the field should be 
placed below and above the geosynthetic, and carefully compacted to the 
densities expected in the field. When large size base course aggregates are 
used, the apparatus should be at least 8 and preferably 12 in. (200-300 mm) 
on a side. Frequently the materials are saturated before performing the 
test. 
In the fixed shear test preventing strain in the geosynthetic, 
particularly if it has a relatively low in-plane stiffness, can have an 
important effect on the interface friction developed [70]. Also, bonding 
the geosynthetic to a rigid block hampers natural soil grain penetration and 
interaction with the underlying material. Nevertheless, Ingold [70] found 
relatively small differences between fixed and free type tests. 
Interface Behavior. 	A slip type failure tends to develop under low 
confining stress and for smooth, stiff geosynthetics which resist 
penetration of soil grains into the surface [64]. For conditions where soil 
grains penetrate into the surface, failure develops a small distance from 
the geosynthetic within the soil. Failure occurs in this case by adhesion 
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Figure 67. Influence of Geosynthetic Pore Opening Size on Friction 
Efficiency. 
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soils require less surface roughness than cohesionless materials to result 
in a soil on soil failure immediately adjacent to the geotextile. 
The contact efficiency for loose sands in contact with a wide range of 
geotextiles is close to the angle of internal friction, with the range in 
contact efficiency typically varying from about 90 to 100 percent of 0 [71]. 
For dense sands the contact efficiency is lower, typically varying from 
about 75 to 90 percent, but it can be as great as 100 percent [66,71]. 
When the effective grain size of the soil on the side which has 
relative movement is smaller than the pore openings of the geosynthetic, 
contact efficiency is high. Factors that otherwise would be important have 
in general only minor influence on the friction behavior. As pore openings 
of the geosynthetic increase (or the grain size of the soil decreases), 
better penetration occurs of the grains into the pores of the geosynthetic, 
and hence the friction angle 6 becomes greater as illustrated in Figure 67 
for a crushed gravel. When the material particle size is less than the 
openings of the reinforcement, the contact efficiency may be greater than 
100 percent (i.e., 6/0 > 1). A high contact efficiency would therefore be 
achieved for most materials placed against very open reinforcement such as 
geogrids. Clays also have a high contact efficiency [65]. 
A geotextile that is compressible in the direction perpendicular to the 
plane of the fabric allows better penetration of particles; this has been 
observed for nonwoven, needle-punched geotextiles by Martin, et al. [66]. 
The inplane stiffness of the geotextile also affects interface friction 
behavior. Consider two geotextiles having the same size pore openings. The 
geotextile having the higher inplane stiffness reaches the peak interface 
shear stress at a much lower deformation than the lower modulus 
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geosynthetic. The lower stiffness geosynthetic, however, eventually reaches 
a higher peak shear stress [65]. 
Aggregate Bases. 	Collios, et al. [65] found for tests involving stone on 
stone the contact efficiencies e of three different large stones to be 86 
percent for crushed gravel and 66 percent for rounded gravel compared to 84 
percent for sand. These friction test results would be applicable when a 
geotextile is placed within a granular layer, since stone was located both 
above and below the geosynthetic. 
Usually the geosynthetic has been placed at the interface between the 
granular base or subbase and the subgrade. To simulate field conditions, 
the subgrade soil should be compacted in the bottom of the shear box, and 
the coarse base or subbase aggregate in the top [68,72]. 
The relative displacement required to develop full shear strength at a 
ballast-geosynthetic interface was found by Saxena and Budiman [68] to be 
about 1.6 in. (41 mm). This large displacement was about three times that 
required at the soil-geosynthetic interface on the other side. Upon cycling 
the shear stress back and forth, up to 40 percent loss of interface shear 
strength was observed. The loss of shear strength appeared to be due to the 
ballast pulling the fibers, and causing severe deterioration of the 
geotextile. 
The deflection required to reach peak shear stress is a function of the 
particle size and the normal stress. Typically displacements of 0.1 to 0.4 
in. (3-10 mm) are required [64]. However, for large base course aggregate 
or very rough geosynthetics, as much as 1 to 2 in. (25-50 mm) of 
displacement may be necessary to mobilize full interface strength [68]. 
Hence for the pavement problem where deformations are small, full interface 
strength would probably not be mobilized. 
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Robnett and Lai [72] have determined typical values of adhesion and 
friction angle for geotextiles exhibiting both good and poor friction 
characteristics (Table 32). The occurrence of relatively large adhesion for 
slippage at both the soil and the stone-geotextile interface is in agreement 
with the findings of Saxena and Budiman [68]. 
Grid Reinforcement. 	Both metallic and polymer type grid reinforcements 
have large openings. As a result well-graded base coarse aggregates 
protrude through the openings and hence exhibit a high contact efficiency. 
The high contact efficiency has in the past been attributed for granular 
materials to aggregate interlock. Jewell, et al. [73] have presented an 
excellent discussion of the interaction between geogrids and soil and give 
contact efficiencies for seven aggregates. In addition to the mechanisms 
previously discussed, a bearing capacity type failure may occur in front of 
the transverse members of the grid. 
Ingold [70] has found the contact efficiency of a geogrid for the free, 
direct shear test to be about 106 percent, compared to 88 percent for the 
fixed shear test. A medium to coarse sand with some gravel was used in the 
comparison. 
Slip in Reinforced Pavements. The shear stresses developed at the 
geosynthetic interface become larger, and hence a greater tendency to slip 
occurs as the total deflection of the geosynthetic increases. Also, the 
laboratory shear test results show a relative movement of up to 2 in. (50 
mm) between a geosynthetic and a soft cohesive soil is required to mobilize 
full friction. Nonlinear finite element analyses indicate that slip is not 
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For lighter sections and/or lower strength subgrades, slip does appear 
to become a problem. Problems with slip and also separation can occur at 
deformations less than 0.25 in. (6 mm) if the full friction in the 
geosynthetic is not mobilized. These results indicate that only 
geosynthetics with good friction characteristics should be used for 
reinforcement. 	The experimental results showing that a stiff geogrid 
performed better than a very stiff woven geotextile supports this finding. 
From the previous discussion of friction, a nonwoven needle-punched 
geosynthetic should have better frictional characteristics than a woven, but 
probably not as good as a geogrid. 
Type Geosynthetic Reinforcement  
Reinforcement. A geogrid and a woven geotextile were placed at the center 
of the base in two different sections in Test Series 4. The geogrid, 
despite its lower stiffness, gave better performance than the much stiffer 
woven geotextile (refer for example to Table 25 and Figures 40d and 41). 
The stiffness of the geogrid was about 1700 lbs/in. (2.1 kN/m) compared to 
about 4300 lbs/in. (5 kN/m) for the very stiff geotextile. The better 
performance of the geogrid under the relatively light wheel loading could be 
caused by better interface friction characteristics due to interlocking 
between the geosynthetic and the aggregate base. 
Results of the two supplementary single track test studies (Figures 44c 
and 50c) appears to suggest that perhaps the stiff, woven geotextile used in 
this project required a much higher deformation to mobilize an equal level 
of reinforcing potential. This seems to indicate that the strengthening 
observed in the tests was not due to membrane effects, but rather due to 
local reinforcement probably caused by small increases in lateral confining 
pressure. 
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Separation. 	The woven geotextile performed better than the very open mesh 
geogrid in performing as a separator between subgrade and base. The amount 
of subgrade soil contamination of the base in sections having the geotextile 
was negligible, while in geogrid sections it was as great as 1.5 in. (38 
mm). Geogrids were of course not developed to perform the function of 
separation. The separation effect is not considered to be significant for 
this study in regard to improvement in pavement performance. 
PRERUTTING 
As previously discussed, slack in the geosynthetic can very 
significantly reduce its effectiveness as a reinforcement. One very 
efficient method of removing slack and even applying some pretensioning to 
the geosynthetic is by means of prerutting as demonstrated by Barenberg 
[75]. The performance of a number of prerutted sections both reinforced and 
non-reinforced were evaluated during the laboratory phase of this 
investigation. 	A geotextile and a geogrid were placed at both the bottom 
and middle of the aggregate base of different sections. Prerutting was 
carried out in both a sand-gravel and a crushed dolomitic limestone base. 
Prerutting was performed by applying repeated repetitions of a wheel 
load to the top of the aggregate base before the asphalt surfacing was 
applied. The loading was carried out along a single wheel path until the 
desired level of rutting was developed. When loading was conducted above 
instrumentation, prerutting was continued until a rut depth of about 0.4 to 
0.75 in. (10-19 mm) was developed at the top of the subgrade. If 
instrumentation was not present, prerutting was continued until a surface 
rut of about 2 in. (50 mm) was achieved in the 8 in. (200 mm) thick 
aggregate base. 
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The experimental results of Test Series 2 (Figure 68) indicate that 
prerutting an aggregate base reinforced with a geosynthetic results in an 
important overall reduction in surface rutting. Reinforced sections which 
have been prerutted can reduce surface rutting on the order of 30 percent or 
more compared to non-prerutted sections. Prerutting appears to reduce 
vertical resilient and permanent strains in the base and subgrade (Figures 
45(a) and (b) and Figure 46(a) and (b). 	Also, the vertical stress on the 
subgrade appears to remain relatively constant with number of load 
repetitions until the pavement has been severely damaged (Figure 48a). The 
vertical subgrade stress developed in non-prerutted sections tended to 
increase at a gradually increasing rate throughout the test. 
Supplementary tests show, however, that prerutting a non-reinforced 
section is just as effective as prerutting one which is reinforced (Figure 
69). Therefore, prerutting alone is the mechanism which explains the 
observed improvement in performance. The presence of a geosynthetic 
reinforcement appears not to affect the efficiency of prerutting. The 
results from Test Series 2 (Table 25) indicate an 85 percent reduction in 
subgrade rutting, and a 60 percent reduction in base rutting apparently due 
to prerutting. Prerutting therefore appears to be most effective in 
reducing the permanent deformation in the soft subgrade, but can also 
significantly reduce rutting in an aggregate base. 
Prerutting is beneficial because of the additional compactive effect 
applied to the aggregate base, similar to that from a rubber tire roller. 
Prerutting normally results in the formation of a denser, and as a result a 
stiffer zone, at the top of the aggregate layer. Improved resistance to 
permanent deformation and less rutting are thus achieved. Prerutting alone 
has more benefit than placing a geosynthetic at an effective location 
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(Figure 69). Care must be taken, however, in prerutting a weak granular 
base which tends to shear rather than densify under a concentrated wheel 
load. The formation of shear planes or a weakened zone within the aggregate 
layer as a result of prerutting can have a detrimental effect on pavement 
performance. This mechanism was indicated by a high permanent deformation 
in the weak aggregate layer of the prerutted section in the first test 
series (Figure 42a). 
PRESTRESSED AGGREGATE BASE/SDBGRADE 
Basic Prestressing Concepts  
One potential approach for improving pavement performance is to 
prestress the aggregate base and the subgrade of the pavement. Although the 
prestressing of concrete slabs and beams has been performed for many years, 
it is a relatively new idea for flexible pavements with unstabilized 
aggregate bases [35,36]. 
The prestress force can be applied using the geosynthetic as the 
prestressing element by the following procedure: (1) first stretch the 
geosynthetic to a desired load level, (2) hold the geosynthetic in the 
stretched position until sufficient material is above it to prevent slip, 
and then (3) release the prestress force. Upon release, the geosynthetic 
prestressing element tries to return to its original, unstretched condition. 
The friction developed between the geosynthetic and the surrounding soils 
restrains the geosynthetic from moving. As a result, the force from the 
geosynthetic is transferred to the surrounding soil as a compressive lateral 
stress. 
The mechanism of load transfer to the aggregate base and subgrade is 
through the shear stress developed along the sides of the geosynthetic. If 
sufficient friction cannot be developed to hold the geosynthetic in place, 
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part of the beneficial effect of prestressing is lost through slippage along 
the interface of the geosynthetic. The shear stress distribution developed 
along the geosynthetic is approximately as shown in Figure 70. Important 
losses of prestress force are also developed through stress relaxation. 
Stress relaxation is a loss of force in the geosynthetic occurring when it 
is prevented from undergoing any deformation; stress relaxation can be 
visualized as the inverse of creep. The loss of prestressing effect through 
stress relaxation is unavoidable. Stress relaxation in geosynthetics can be 
quite large, and is highly dependent upon the material type with less stress 
relaxation occurring in polyester geosynthetics. 
Experimental Findings  
The same stiff polypropylene geogrid was employed as the prestressing 
element that was used in the other experiments. The geogrid was initially 
stretched to a force of 40 lbs/in. (50 N/m), and then the sides were rigidly 
clamped against the walls of the test facility during construction of the 
aggregate base and asphalt surfacing. After construction the clamps were 
removed. Prestress loss due to stress relaxation probably reduced the 
effective applied prestress force to perhaps 20 lbs/in. (24 N/m), which was 
the prestress level used in the analytical study. The improvement of 
pavement performance due to prestressing the aggregate was clearly indicated 
by the results of the fourth test series as shown in Figures 40 and 41 
(refer also to Table 27). The prestressed pavement performed better than 
both a non-prestressed section reinforced with a stiff geogrid (S g = 1700 
lb/in.; 2.1 kN/m), and a very stiff woven geotextile (Sg = 4300 lbs/in.; 5 
kN/m) reinforced section. At 10,000 load repetitions the prestressed 
geogrid pavement had about 30 percent less permanent deformation than the 
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corresponding non-prestressed geogrid reinforced section, which performed 
next to best. 
The measured strain in the bottom of the asphalt surfacing of the 
prestressed section at 10,000 load repetitions was about 30 percent less 
than in a geotextile reinforced section not prestressed (Table 25). By 
70,000 repetitions, however, the difference in measured strain was only 
about 5 percent. An important unknown is whether the apparent loss of the 
beneficial effect of prestressing on strain was due to (1) general 
deterioration of the pavement as a result of reaching the end of its life, 
or (2) loss of prestress with increase in lapsed time from construction. If 
the beneficial effect of prestressing on tensile strain was a result of 
general pavement deterioration, then prestressing should be quite effective 
in increasing fatigue life. On the other hand, if the loss of prestress was 
due to stress relaxation with time, prestressing would probably not be 
effective in a field installation for a pavement having a life of 10 to 20 
years or more. 
Of considerable practical importance is the finding that the prerutted 
section having a very stiff geotextile in the middle performed equally well 
compared to the prestressed section. It then follows from the other results 
of the experimental study that prerutting a section without a geosynthetic 
should be just as effective in terms of reducing permanent deformation as 
prestressing (Figures 50c and 50d). This conclusion is valid for the 
conditions of the study including using a polypropylene geogrid with S g = 
1700 lbs/in. (2.1 kN/m) initially stressed to 40 lbs/in. (50 N/m). 
Analytical Results  
In the analytical study of prestress effects, an effective prestress 
force was applied of 20 lb/in. (24 N/m). This represents the net force 
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existing after all losses including stress relaxation. The standard 
reference section was used consisting of a 2.5 in. (64 mm) asphalt 
surfacing, a variable thickness base, and a subgrade with E s = 3500 psi (24 
MN/m2 ). Prestressing the center of the aggregate base based on tensile 
strain in the asphalt surfacing resulted in large reductions in base 
thickness varying from about 25 to 44 percent (Table 33). For a base 
thickness of 11.9 in. (300 mm), expected reductions in total permanent 
deformation would be on the order of 20 to 45 percent. For general 
comparison, the observed reductions in total rutting of the lighter 
prestressed test section was about 60 percent compared to the non-
prestressed, geotextile reinforced section with reinforcement at the center. 
The analytical results indicate prestressing the center of the layer 
would have little effect on the vertical subgrade strain, and it might even 
increase a small amount; reduction in rutting of the subgrade would also be 
small. The experimental results, however, demonstrate that prestressing the 
center of the layer can also lead to important reductions in permanent 
deformation of both the base and subgrade. With this exception, the 
analytical results tend to support the experimental finding that 
prestressing the middle of the aggregate base should greatly improve rutting 
of the base and fatigue performance. 
The analytical study indicates prestressing the bottom of the layer is 
quite effective in reducing permanent deformation, particularly in the 
subgrade. For the reference section reductions in permanent deformation 
were obtained varying from 30 to 47 percent, and reductions in base 
thickness based on vertical subgrade strain of about 35 percent (Table 33). 
The analytical results indicate prestressing the bottom of the base is not 
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as effective, however, as prestressing the middle with respect to tensile 
strain in the asphalt surfacing. 
Pretensioning: Practical Field Considerations  
To achieve the demonstrated potential for an important improvement in 
performance, the geosynthetic should be prestressed in the direction 
transverse to that of the vehicle movement. Proper allowance should be made 
for prestress loss due to stress relaxation, which would depend upon the 
type and composition of the geosynthetic, and the initial applied stress 
level. Allowance must also be made for all other prestress losses resulting 
between the time pretensioning is carried out and the prestress force is 
transferred to the aggregate base. These losses would be related to the 
method used to apply and maintain the prestress force, and the skill and 
care of the crew performing the work. Probably an initial pretensioning 
force on the order of 40 lbs/in. (24 N/m), which is the force used in the 
laboratory tests, would be a reasonable starting point for additional field 
studies. 
One approach that could be employed for applying the pretensioning 
force would be to place sufficient stakes through loops into the ground 
along one side of the geosynthetic to firmly anchor it. An alternate 
approach would be to use a dead weight anchor such as a loaded vehicle, 
similar to the way the other side would be anchored during prestressing as 
described next. 
Probably the most efficient method would be to apply the pretensioning 
force to the other side of the geosynthetic using an electrically powered 
wench attached to a loaded truck. The truck would supply the dead weight 
reaction necessary to develop the pretensioning force. A rigid longitudinal 
rod or bar would be attached along the side of the geosynthetic to 
198 
distribute the pretensioning force uniformly to the geosynthetic. The 
pretensioning force could be applied by one wench to about a 10 to 15 ft. 
(3-4.6 m) length of geosynthetic. To minimize bending in the rod or bar 
attached to the geosynthetic, the cable leading to the wench would be 
attached to the bar at two locations to form a "V" shape. It might be 
desirable to pretension two or more lengths of geosynthetic at a time. 
The pretensioning force could then be maintained on the geosynthetic 
until sufficient aggregate base is placed and compacted over the 
geosynthetic to provide the necessary friction force to prevent slippage. 
If base construction was not progressing rapidly, as would likely be the 
case, it would be necessary to anchor the side of the geosynthetic being 
pretensioned using stakes. The wench and cable system could then be 
removed, and used to pretension other segments of the geosynthetic. 
Prestressing the base would most likely be carried out where the 
subgrade has a CSR less than 3 to 4, or where a low quality aggregate base 
is used. For conditions where a soft subgrade exists, temporary anchorage 
of the geosynthetic becomes a serious problem. For example, consider a soft 
subgrade having an undrained shear strength of about 500 psf (24 kN/m 2 ). 
Wood stakes 2 in. by 2 in. (50 by 50 mm) by 3 ft. (0.9 m) in length having a 
spacing of about 2.0 to 3 ft. (0.5-0.9 m) would be required to hole a light 
initial pretensioning load of only about 20 lbs/in. (24 N/m). The cost to 
just apply this light level of pretensioning to a geogrid by an experienced 
contractor would probably be about 1 to 1.5 times the geogrid cost. 
Thus the practicality is questionable of applying by means of temporary 
anchors even a light pretensioning force to pavements constructed on soft 
subgrades having undrained shear strengths less than about 500 psf (24 
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kN/m2 ). Even moving equipment over very soft soils to provide dead weight, 
temporary anchorage would probably not be practical. 
Summary  
The experimental and analytical results indicate that important 
reductions in rutting can, under at least idealized conditions, be achieved 
through prestressing the aggregate base. The experimental results indicate 
prerutting the base without the use of a geosynthetic should give equally 
good performance as prestressing at least with respect to reducing permanent 
deformations. Prerutting would also be considerably less expensive than 
prestressing, and should be effective over an extended period of time. 
The analytical results indicate placing the prestress in the bottom of 
the base will result in the most reduction in permanent deformations in the 
subgrade. Prestressing the center of the base should be most effective in 
reducing rutting within the base. The experimental findings show permanent 
subgrade deformations should also be reduced by prestressing the middle. 
Prestressing the center of the layer would also have the most potential for 
improving performance with respect to fatigue of the asphalt surfacing. 
The analytical results further show that placing the prestressing 
element at the bottom of the base has the potential for greatly reducing 
permanent deformations, particularly in the subgrade (Table 33). Reduction 
in base thickness due to fatigue in general would be less than if the 
prestressing is placed at the center of the layer. 
The experimental results on the prestressed sections were obtained for 
short-term tests performed under idealized conditions. Loss of prestress 
effect in the field and prestress loss due to long-term stress relaxation 
effects are certainly important practical considerations that can only be 
fully evaluated through full-scale field studies. Limited strain 
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measurements made in the bottom of the asphalt surfacing of the prestressed 
section indicates an important loss of benefit occurs with either time or 
else deterioration of the pavement. 
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SEPARATION AND FILTRATION 
INTRODUCTION 
In recent years considerable interest has been shown in using open-
graded aggregate layers as bases, subbases and drainage layers in pavements. 
A well-designed drainage system has the potential for increasing the life of 
a flexible pavement by a factor of forty or more [85]. If, however, an open 
graded layer, and in may cases even a more densely graded layer, is placed 
directly on the subgrade, silt and clay may with time contaminate the lower 
portion of the drainage layer. 
The intrusion of fines into an aggregate base or subbase results in (1) 
a loss of stiffness, (2) loss of shear strength, (3) increased 
susceptibility to frost action and rutting, and (4) a reduction in 
permeability. As shown in Figure 71, an increase in fines of up to 6 
percent has been found to have a minor effect upon the resilient modulus 
[104]. Other work, however, indicates contamination of a portion of an 
aggregate layer with 2 to 6 percent clay can cause reductions in shear 
strength on the order of 20 to 40 percent [76]. In either case, when the 
level of contamination becomes sufficiently great, the effective thickness 
and strength of the aggregate layer is reduced. 
Contamination due to the intrusion of fines into the base or subbase 
can be caused by the following two mechanisms: 
1. Separation - A poor physical separation of the 
base/subbase and subgrade can result in mechanical 
mixing at the boundary when subjected to load. 
2. Filtration - A slurry of water and fines (primarily 
silt, clay and fine sand size particles) may form at the 
top of the subgrade when water is present and under 
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Figure 71. Influence of Added Fines on Resilient Modulus of Base 
(After Jorenby, Ref. 104). 
Water Content, w (Percent) 
Figure 72. Influence of Subgrade Water Content and Geosynthetic on 
Stone Penetration (After Glynn & Cochrane, Ref. 84). 
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pressure due to repeated traffic loading. If the 
filtration capacity of the layer above the subgrade is 
not sufficiently great, the slurry will move upward 
under pressure into the aggregate layer and result in 
contamination. 
Comprehensive state-of-the-art summaries of the separation and 
filtration problem have been given by Dawson and Brown [78], Jorenby [104] 
and more recently by Dawson [105]. 
FILTER CRITERIA FOR PAVEMENTS 
To perform properly for an extended period of time the filtration/ 
separation aggregate filter or geotextile must (1) maintain a distinct 
separation boundary between the subgrade and overlying base or subbase, (2) 
limit the amount of fines passing through the separator so as not to 
significantly change the physical properties of the overlying layer, and (3) 
the separator must not become sufficiently clogged with fines so as to 
result in a permeability less than that of the underlying subgrade. 
Finally, because of the relatively harsh environment which can exist beneath 
a pavement, the geotextile must be sufficiently strong, ductile and abrasion 
resistant to survive construction and in service loading. In harsh 
environments some clogging and loss of fines through the geosynthetic will 
Occur. 
Unfortunately, the classical Terzaghi filter criteria used for steady 
state filter design are not applicable for at least severe levels of 
pulsating loading, such as occurs beneath pavements where the flow may be 
turbulent and also reversing. For these severe conditions, a filter cake 
probably does not develop in the soil adjacent to the filter [90-92]. 
Formal filter criteria, however, have not yet been developed for aggregate 
• 
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or geotextile filters placed at the interface between the base and subgrade 
of a pavement. 
The classical Terzaghi filter criteria were developed for uniform, 
cohesionless soils in contact with an aggregate filter. The Terzaghi 
criteria, which assumes steady state flow conditions to exist, are 
summarized in Table 34. This table was taken from the excellent work of 
Christopher and Holtz [106] who give a comprehensive general discussion of 
the engineering utilization of geotextiles, including filter criteria and 
infiltration. The geotextile selection criteria given by Christopher and 
Holtz is also summarized in Table 34 for both steady state and cyclic flow 
conditions. 
SEPARATION 
Maintaining a clean separation between the subgrade and overlying 
aggregate layer is the first level of protection that can be provided to the 
base. Most serious separation problems have developed when relatively open-
graded aggregates have been placed on very soft to soft subgrades 
[76,79,80]. 
Separation Failure Mechanisms  
Contamination of the base occurs as a result of the aggregate being 
mechanically pushed into the subgrade, with the subgrade squeezing upward 
into the pores of an open-graded stone as it penetrates downward. A 
separation type failure can occur either during construction or later after 
the pavement has been placed in service. 
The total thickness of the contaminated zone is typically up to about 2 
times the diameter of the aggregate which overlies the subgrade [21,76,77]. 
Under unfavorable conditions such as a heavy loading and a very weak 
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Table 34 
Design Criteria for Geosynthetic and Aggregate Filters (Adapted 
Christopher and Holtz, Ref. 106). 
I. GEOSYNTHETIC FILTERS 
I. SOIL RETENTION (PIPING RESISTANCE CRITERIA) 1 
 Soils 	 WI NN Stalls Flow 
csoi. Possing2 
U.S. No. 200 sieve 	
AOS 	095 	Des 
Cu42er48 9 e I 
24C444 	Ei • 0.5 Cu 
Ii‘CuLe 	B ett 
450% Passing 	Woven: 095 ., Des 
 U.S. No. 200 sieve 
Nonwoven: 0 	1.8 95 	85 
AOS No. (fabric) IND. 50 sieve 
✓ynomic, Pulsating, 
and Cyclic Flaw 
095 	t5 (If soil can move beneath fabric) 
0 4 04 a 50 	85 
0 50 	0.5 D85 85 
I. When the protected soil contains particles from I inch size to those passing the U.S. No. 200 sieve, use only the 
gradation of soil passing the U.S. No. 4 sieve in selecting the fabric. 
2. Select fabric an the basis of largest opening value required (smallest AOS) 
II. PERMEABILITY CRITERIA I 
A. Critical/Severe Applications 
It (fabric) =110 k (soil) 
B. Less Critical/Less Severe and (with Clean Medium to Coarse Sands and Grovels) 
k IfebrieIlk (soil) 
I. Permeability should be based on the actual fabric open area available for flow. For example, if 50% of fabric 
area is to be covered by flat concrete Weeks, the effective flow area is reduced by 50%. 
III. CLOGGING CRITERIA 
A. Critical/Severe Applieations i 
Select fabries meeting I, II. 1118, and perform soil/fabric filtration tests before specification, prequalifying the 
fabric, ar *fist selection before bid closing. Alternative: use approved list specification for filtration 
applications. Suggested performance test method: Gradient Ratio L.3 
B. Less Critieal/Non.Severe Applications 
I. Whenever passible, fabric with maximum opening size possible (lowest AOS No.) from retention criteria should 
be specified. 
2. Effective Open Area Qualifiers 2 : Woven fabrics: Percent Open Area: 
Nonwoven fabrics: Porosity 3 	301 
3. Additional Qualifier (Optional): 0 95 3(20 5 
4. Additional Qualifier (Oro i°^01), 0153015 '130 15 
Note: 1. Filtration tests ore pertormance tests and cannot be performed by the manufacturer as they depend on 
specific soil and design conditions. Tests to be performed by specifying agency at his representative. 
Note: experience required to obtain reproducible results in gradient ratio test. 
2. Qualifiers in potential clogging condition situations (e.g. gap graded soils and silty type soils) where 
filtration is of concern. 
3. Porosity requirement based on graded granular filter porosity. 
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subgrade, the depth of contamination could be even more. Bell, et al. [76] 
found for a very large 4.5 in. (110 mm) diameter aggregate, the stone 
penetration is about equal to the radius of the aggregate. Squeezing of the 
subgrade was observed to also be equal to about the radius, giving a total 
contamination depth of approximately one diameter. 
The subgrade strength, and as a result the subgrade moisture content, 
are both important factors affecting stone penetration. As the moisture 
content of the subgrade increases above the optimum value, the tendency for 
aggregate to penetrate into it greatly increases as illustrated in Figure 
72. 
Construction Stresses  
The critical time for mixing of the subgrade with the aggregate layer 
is when the vertical stress applied to the subgrade is the greatest. The 
largest vertical subgrade stresses probably occur during construction of the 
first lift of aggregate base. It might also occur later as construction 
traffic passes over the base before the surfacing has been placed. 
The common practice is to compact an aggregate layer with a moderate to 
heavy, smooth wheel vibratory roller. Even a reasonably light roller 
applies relatively large stresses to the top of the subgrade when an initial 
construction lift is used of even moderate thickness. 
Smooth drum vibratory rollers develop dynamic vertical forces varying 
from 4 tons (or less) for a small, light roller to as much as 15 to 20 tons 
for very large rollers. Figure 73 summarizes the vertical stress caused at 
the subgrade interface by a typical 4, 8 and 17.5 ton, smooth drum vibratory 
roller for initial lift thicknesses up to 18 in. (460 mm). Linear elastic 
layered theory was used in developing these relationships. Because of the 
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(150 mm) thickness of the initial life was assumed to be 1.5 times the 
modulus of elasticity of the subgrade. Each successive 6 in.(150 mm) 
thickness within the lift was assigned an elastic modulus equal to 1.5 times 
that of the material underlying it. 
Bearing Capacity Analysis  
For a separation problem to develop, the externally applied stress 
level must be near the ultimate bearing capacity of the subgrade. The 





where: 	quit = ultimate bearing capacity of the subgrade 
c 	= undrained shear strength of a cohesive subgrade 
The above equation is for plane strain conditions such as would exist 
beneath a long vibratory roller. When the load is applied over a circular 
area, which is approximately the case for a wheel loading, the ultimate 
bearing capacity is about 20 percent greater than given by equation (10). 
The vertical stress at the subgrade interface predicted by conventional 
layered theory requires continuous contact on a horizontal plane between the 
two layers. Large pore openings are, however, present in coarse, open-
graded granular materials. As a result, the actual average vertical stress 
developed on large stone particles at the subgrade interface is greater than 
the average stress predicted by conventional stress distribution theories. 
Actually, a local bearing failure occurs below the tips of the aggregate, 
and the soil would squeeze upward between the aggregate into the open pores. 
The actual average vertical stress o z* for an open-graded base would be 









* = actual average stress developed on the stone particles 
a
n 
= theoretically calculated vertical stress 
n 	= porosity of the granular layer 
The problem is further complicated by the fact that the aggregate 
particles are both three-dimensional and irregular in shape. Therefore, 
until penetration of the aggregate particles into the subgrade occurs, 
contact stresses between the aggregate and subgrade will be even higher than 
the average stress given by Equation (11). 
For conditions of a wet, weak subgrade, the irregular-shaped aggregates 
will be readily pushed into the subgrade, usually during the construction 
phase. When stone penetration equals about the effective radius of the 
stone, the average contract stress between the stone and soil becomes close 
to that given by equation (11). The bearing capacity is probably somewhat 
greater than (11) which does not consider the resistance to flow of soil 
through the pores of the stone above which is required for a bearing failure 
to occur. 
Several additional factors further complicate the aggregate penetration 
problem. Under a dynamic loading the strength of a cohesive subgrade is 
greater than under a slow loading. However, several passes of the roller 
may result in reduction in strength due to the build-up of pore pressures in 
the subgrade. Also, the possibility exists that the pores in the lower, 
tensile portion of the aggregate layer open slightly as the external load 
moves over [105]. Because of the overall complexity of the problem, a 
rigorous theoretical prediction of soil intrusion is quite difficult. 
Therefore, until more research is performed in this area, a simplified 
approach can be taken using equation (10) for performing a general 
assessment of the severity of the aggregate penetration problem. 
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Construction Lift Thickness  
For an initial lift thickness of 6 in (150 mm), the average vertical 
stress at the top of the subgrade varies from about 16 to 32 psi (110-220 
kN/m2 ) as the dynamic vibratory roller force increases from 4 to 17.5 tons 
(Figure 73). These stress levels are sufficient, based on equation 10, to 
cause a general bearing capacity failure of a very soft to soft subgrade 
having an undrained shear strength less than about 400 to 800 psf (19-38 
kN/m2 ), respectively. Aggregate penetration would occur at even lower 
stress levels. 
Where very soft subgrades are present, frequently the first lift to be 
constructed is placed at a greater thickness than used for succeeding lifts 
because of subgrade instability problems caused by the construction 
equipment. A lift thickness of 12 in. (300 mm) is probably reasonably 
typical. For this lift thickness, the average vertical subgrade stress 
varies from about 8 to 16 psi (55-110 kN/m 2 ) as the dynamic roller force 
increases from 4 to 17.5 tons. For these conditions, a general bearing 
capacity failure as predicted by equation (11) could occur for undrained 
shear strengths less than about 200 to 400 psf (10-20 kN/m 2 ). 
Separation Case Histories  
Mixing of the subgrade with an aggregate base has been reported at 
several sites where geosynthetics have not been used. At one site well-
graded aggregate with about a 1.25 to 1.5 in.(30-38 mm) top size and 5 
percent fines was observed during construction to intrude up to a depth of 
about 1 to 2 in. (25-50 mm) into a soft subgrade [21,81]. For the 
conditions existing at the site, the calculated safety factor for a general 
bearing capacity type failure varied from about 0.8 to 1.4. 
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At two sites where intrusion occurred, the ratio D15/d85 varied from 17 
to 20. For comparison, the frequently used Terzaghi filter criteria for 
steady seepage requires D15/d85 5. 5. Hence, conventional static filter 
criteria was significantly exceeded at these two sites. Under severe 
conditions of loading, intrusion may also occur even if conventional 
Terzaghi filter criteria are satisfied [82,83]. 
Separation Design Recommendations  
The following tentative design criteria are proposed to minimize 
problems with separation between an aggregate layer and the underlying 
subgrade. Most problems involving separation will occur where soft to very 
soft cohesive subgrades are encountered typically having undrained shear 
strengths less than about 500 psf (24 kN/m 2 ). 
1. If the safety factor with respect to a general bearing 
capacity failure is greater than 2.0, no special 
precaution is needed with respect to separation. For 
very open-graded granular bases or subbases, a limited 
amount of punching of the aggregate into the subgrade 
will occur for a safety factor of 2. The depth of 
punching should be equal to or less than approximately 
the radius of the maximum aggregate size. 
2. For a bearing capacity safety factor between about 1.3 
and 2.0, either conventional Terzaghi filter criteria 
should be satisfied, or else a geotextile should be used 
as a separator. Specific recommendations concerning the 
selection of a geotextile are given in the next section. 
3. If the safety factor is less than 1.3, use of a 
geotextile is recommended regardless of whether filter 
212 
criteria are satisfied. Consideration in this case 
should also be given to satisfying filter criteria, 
particularly if a very open-graded stone is to be used 
for drainage applications. If the granular filter 
material satisfies filter criteria, the geotextile will 
serve primarily as construction aid. 
The above recommendations are given to avoid contamination of the 
granular layer due to intrusion and subsequent mixing. Drainage 
applications where filtration is important are discussed in the next 
section. 
Figure 74 gives the bearing capacity safety factor as a function of 
construction lift thickness for selected vibratory rollers and undrained 
subgrade shear strengths. This figure shows for a moderate vibratory roller 
weight of 8 tons and lift thicknesses of 12 in. (300 mm), separation could 
become a problem for subgrades having undrained shear strengths less than 
about 500 psf (24 kN/m2 ). This subgrade strength corresponds to a standard 
penetration resistance (SPT-value) of approximately 4 blows/ft.(13 b/m). 
A very substantial increase in shear strength of a soft to very soft 
subgrade will in most cases occur reasonably rapidly after placement of the 
pavement structure [42]. This increase in strength should be considered in 
estimating the bearing capacity safety factor for long-term traffic loading 
conditions. The initial undrained shear strength of the subgrade can be 
estimated from vane shear tests, undrained triaxial shear tests, or from the 
results of cone penetrometer tests. For preliminary design purposes, Table 
35 can be used when reliable estimates of the shear strength based on 
testing are not available. 
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Table 35 












Very Soft Squeezes between 
fingers 
0-1 0-250 
Soft Easily molded 
by fingers 
2-4 250-500 












Hard Dented slightly 
by pencil point 
>30 >2000 
Table 36 
Vertical Stress on Top of Subgrade 











Very Light 1.5 6 21 
Light 3.5 a 10 
Medium 6 8 6 
Heavy 
i 	  
8 14 3 
Notes: 1. Dual wheel loading of 4.5 kips/wheel at 100 psi tire 
pressure. 
2. Moduli/Poisson's Ratio: AC- 200,000 psi/v=0.2; 
Granular Base - 10,000 pji/ 
v=0.35; 
Subgrade - 4000 psi/v=0.4. 
3. Analysis - Linear elastic; linear elastic vertical 
subgrade stress increased by 12 percent 
to give good agreement with measured test 
section subgrade stress. 
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Selection of an actual geosynthetic or aggregate filter to use as a 
separator is considered later in the section on Filter Selection. 
FILTRATION 
Some general requirements for intrusion of a slurry of subgrade fines 
into an open-graded aggregate layer can be summarized from the early work of 
Chamberlin and Yoder [86]: 
1. A saturated subgrade having a source of water. 
2. A base more permeable than the subgrade with large 
enough pores to allow movement of fines. 
3. An erodable subgrade material. Early laboratory work by 
Havers and Yoder [94] indicate a moderate plasticity 
clay to be more susceptible to erosion than a high 
plasticity clay. Silts, fine sands and high plasticity 
clays that undergo deflocculation are also very 
susceptible to erosion. 
4. The applied stress level must be large enough to cause a 
pore pressure build-up resulting in the upward movement 
of the soil slurry. 
Although the work of Chamberlin and Yoder [86] was primarily for concrete 
pavements, a similar mechanism similar to movement of slurry also occurs for 
flexible pavements. 
Filtration Mechanisms  
Repeated wheel load applications cause relatively large stresses to be 
developed at the points of contact between the aggregate and the subgrade. 
As loading continues, the moisture content in the vicinity of the projecting 
aggregate points, for at least some soils, increases from about the plastic 
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limit to the liquid limit [97]. The moisture content does not, however, 
significantly increase in the open space between aggregates (Figure 75). As 
a result the shear strength of the subgrade in the vicinity of the point 
contacts becomes quite small. Hoare [97] postulates the increase in 
moisture content may be due to local shearing and the development of soil 
suction. When a geotextile is used, soil suction appears to be caused under 
low stress levels by small gaps which open up upon loading [98]. The gaps 
apparently develop because the geotextile rebounds from the load more 
rapidly than the underlying soil. Remolding may also play a role in the 
loss of subgrade strength. 
Due to the application of wheel loadings, relatively large pore 
pressures may build up in the vicinity of the base-subgrade interface 
[87,99,1001. As a result, in the unloaded state the effective stress 
between particles of subgrade soil become negligible because of the high 
residual pore water pressures. These pore pressures in the subgrade results 
in a flow of water upward into the more permeable aggregate layer. The 
subgrade, in its weakened condition, is eroded by the scouring action of the 
water which forms a slurry of silt, clay and even very fine sand particles. 
The slurry of fines probably initiates in the vicinity of the point contacts 
of the aggregate against the soil [761. This location of slurry initiation 
is indicated by staining of geotextiles used as separators where the 
aggregates contact the fabric. 
The upward distance which fines are carried depends upon (1) the 
magnitude of induced pore pressure which acts as the driving force, (2) the 
viscosity of the slurry, and (3) the resistance encountered to flow due to 
both the size and arrangement of pores. Fine particles settle out in the 
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locally because of obstructions, or as the average flow velocity becomes 
less as the length of flow increases. Some additional movement of material 
within, or even out of, the base may occur as the moisture and loading 
conditions change with time [86]. 
Geotextile Filters  
Geotextile filters have different inherent structural characteristics 
compared to aggregate filters. Also, a considerable difference can exist 
between geotextiles falling within the same broad classification of woven or 
nonwoven materials due to different fiber characteristics. Nonwoven 
geotextiles have a relatively open structure with the diameter of the pore 
channels generally being much larger than the diameter of the fibers. In 
contrast, aggregate filters have grain diameters which are greater than the 
diameter of the pores [92]. Also, the porosity of a nonwoven geotextile is 
larger than for an aggregate filter. 
The following review of factors influencing geotextile filtration 
performance are primarily taken from work involving cyclic type loading. 
Electron microscope pictures showing the internal structure of several 
non-woven geosynthetics are given in Figure 76. None of these geosynthetics 
were considered to fail due to clogging during 10 years of use in edge 
drains [107]. Their approximate order of ranking with respect to clogging 
from best to worst is from (a) to (d). 
Thickness. The challenging part of modifying granular filter criteria for 
use with fabrics is relating soil retention characteristics on a geotextile 
with those of a true three-dimensional granular filter. Heerten and 
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(a) Nonwoven, Needle 4.5 oz/yd , (b) Nonwoven, Needled 5.3 oz/yd 2 
 75 mil. 	 Heat Bonded, 60 mil. 
(c) Nonwoven 4.5 oz/yd 2 , 30 mil. (d) Spun-Bonded, 15 mil. 
Figure 76. Electron Microscope Pictures of Selected Geotextiles: 




	thickness t<2 mm and geotextile weights up to 9 oz./yd 2 
 (300 g/m2 ). 
2. Thick: 	single layer, needle punched: thickness t>2 mm and 
geotextile weights up to 18 oz./yd2 (600 g/m2 ). 
3. Thick multi-layer, needle punched geotextiles. 
Earlier work by Schober and Teindl [90] found wovens and non-wovens 
less than 1 mm in thickness to perform different than non-wovens greater 
than 2 mm, which gives support to the above classifcation scheme. 
As the thickness of a nonwoven, needle punched geotextile increases, 
the effective opening size decreases up to a limiting thickness similarly to 
an aggregate filter [92]. Thick needle punched geotextiles have been found 
to provide a three-dimensional structure that can approach that of an 
aggregate filter; thin geotextiles do not. Also, soil grains which enter 
the geotextile pores reduce the amount of compression which occurs in a 
nonwoven, needle punched geotextile subjected to loading. 
As the thickness of the geotextile increases, the effective opening 
size decreases and fines in suspension have a harder time passing through 
the geotextile because of the three-dimensional structure [91,98,102]. The 
fines which do pass through the geotextile may be deposited above the fabric 
in a thin layer that can significantly reduce the effective permeability of 
the layer. A layer of fines forming a cake below the geotextile has also 
been observed. When open-graded granular materials are located above the 
geotextile, the fines passing through would probably to be pumped into the 
voids of the stone resulting in stone contamination. The load on the 
aggregates in contact with the geotextile can result in a significant amount 
of stretching of the fabric and a temporary increase in pore diameter, which 
allows more fines to pass through. If, however, the geotextile has pores 
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which are too small in diameter or the porosity is too small, clogging can 
occur, and the geotextile is not self-cleaning. 
Self-Cleaning Action. Laboratory tests have shown a change in the direction 
of flow through a geotextile can cause an increase in its permeability 
[98,101]. Hence, partial flushing of fines from a geotextile is apparently 
possible under conditions of reversing flow. The permeability, however, 
does not go back to its original value upon flow reversal. Flushing was 
found by Saxena and Hsu [98] to be more effective for heavier, nonwoven 
geotextiles. Whether self-cleansing can actually occur in the field has not 
been demonstrated. 
Load Repetitions. The quantity of fines migrating upward through a 
geotextile filter is directly related to the log of the number of load 
applications [91,98] as illustrated in Figure 77. The Soil Contamination 
Value (SCV) quantifies soil loss through a geotextile. SCV is the weight of 
soil per unit area passing through the geotextile [91]. 
Apparent Opening Size. The Apparent Opening Size (AOS) quantifies at least 
approximately the effective pore opening size of a geosynthetic. The 
apparent opening size (AOS) of a geotextile is defined as the minimum 
uniform, spherical particle size of a uniform shape that allows 5 percent or 
less of the particles to pass through the geotextile [106]. For a given 
weight, geotextiles having a small fiber size, and as a result a smaller 
effective opening, allow less material to be washed through [92]. Some 
general findings by Carroll [93] involving AOS as related to geotextile 
filtration are as follows: 
1. 	The apparent opening size (AOS) of the geotextile cannot 
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Figure 77. Variation of Geosynthetic Contamination with Number of 
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Figure 78. Variation of Geosynthetic Contamination with Geosynthetic 
Apparent Opening Size, 095 (After Bell, et al., Ref. 79). 
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of a nonwoven and woven geotextile. Woven and thin 
nonwovens should have different filter criteria than 
thick wovens. 
2. The AOS measures the maximum "straight through" openings 
in a woven geotextile. Fabric pore size, pore structure 
and filtration capacity are not accurately defined by 
AOS. 
3. AOS values can be related to the retention ability of 
geotextiles provided proper consideration is given to 
the other significant factors. 
4. The uniformity coefficient of the soil being protected 
has an important influence on the filter criteria. 
Also, the AOS of woven monofilaments and nonwoven geotextiles should not in 
general be compared since they will not have the same filtration efficiency 
[93]. 
The quantity of fines trapped by the filter layer when subject to 
cyclic loading generally increases with increasing apparent opening size 
(AOS) of the filtering media (Figure 78). In the laboratory tests performed 
by Bell, et al. [79], the least amount of contamination was observed when a 
thin sand layer was employed compared to the geotextiles tested. The sand 
layer also had the smallest apparent opening size, as estimated using the 
method of Schober and Teindl [90]. 
Soil contamination of geotextiles removed from beneath railroad tracks 
has been reported by Raymond [80]. This extensive field study also 
indicates increasing soil contamination of the geotextile occurs with 
increasing apparent opening size (AOS) as shown in Figure 79. As defined in 
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Figure 79. Variation of Geosynthetic Contamination Approximately 8 in. 
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Figure 80. Variation of Geosynthetic Contamination with Stress Level 
and Subgrade Moisture (After Glynn & Cochrane, Ref. 84). 
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geotextile compared to the uncontaminated dry geotextile weight. 
Undoubtedly the scatter in data in Figure 79 is at least partly because soil 
contamination is not only related to AOS but also to a number of other 
factors as previously discussed. 
Figure 79 shows results for an alternate definition of AOS based on 95 
percent of the uniform particles being retained on the surface of the 
geotextile [103]. As pointed out by Raymond [80], this alternate definition 
is more closely related to classical filter criteria that limits the amount 
of soil which can enter the filter. 
Stress Level. As the applied stress level on the geosynthetic increases, so 
does the quantity of fines migrating through the geotextile (Figure 80) and 
the amount of contamination. Data obtained from field studies (Figure 81) 
shows that the level of contamination rapidly decreases below a railroad 
track structure with increasing depth [80]. Since the applied vertical 
stress also decreases with increasing depth, contamination of a geotextile 
in the field is indeed dependent upon stress level. The curve relating 
variation of soil content with depth (Figure 81) is similar in general shape 
to a typical vertical stress distribution curve. 
To approximately translate the extensive findings of Raymond [80] for 
geotextiles placed below railroad track installations to pavements, a 
comparison was made of the vertical stress developed beneath a heavily 
loaded railroad track with the stress developed at the top of the subgrade 
for typical pavement sections. Assume 4.5 kip (20 kN) dual wheel loads are 
applied to the surface of the pavement, and the tires are inflated to 100 
psi (0.7 MN/m2 ). Let the critical railroad loading be simulated by a fully 
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Figure 81. Observed Variation of Geosynthetic Contamination with Depth 
Below Railway Ties (After Raymond, Ref. 80). 
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Figure 82. Variation of Vertical Stress with Depth Beneath Railroad 
Track and Highway Pavement. 
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Figure 82 shows the approximate equivalent depths below the railroad 
cross-ties that corresponds to the vertical stress at the top of the 
subgrade for a typical light, medium and heavy highway pavement section. A 
heavy train loading causes relatively large vertical stresses which spread 
out slowly with depth. In contrast, vertical stresses from pavement type 
loadings spread out relatively quickly. 
For railroad track rehabilitation, geotextiles are generally placed at 
a depth of about 8 to 12 in. (200-300 mm) beneath the tie which corresponds 
to a vertical stress level on the order of 14 psi (96 kN/m 2 ). For 
comparison, typical very light, light, medium and heavy pavement sections 
(Table 36) would have maximum vertical stresses at the base-subgrade 
interface on the order of 21, 10, 6 and 3 psi (138, 69, 41, 21 kN/m 2 ), 
respectively. 
The practical implications of these findings are that (1) the railroad 
type loading is considerably more severe compared to most structural 
sections used for pavements, and (2) a highway type pavement should exhibit 
a wide variation in performance with respect to filtration depending, among 
other things, upon the thickness and strength of the structural section. 
Very thin pavement sections would probably be subjected to an even more 
severe vertical stress and hence more severe infiltration condition than for 
a typical railroad ballast installation. In contrast, a heavy structural 
pavement section would be subjected to a much less severe stress condition. 
Laboratory Testing Methods  
Laboratory studies to observe the migration of fines through both 
granular filter layers and geotextile filters have most commonly employed a 
constant gradient test which simulates steady state, unidirectional seepage 
conditions [91,93]. The results obtained from constant gradient tests, 
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which do not use a cyclic load, serve as an upper, possibly unsafe, bound 
for establishing design criteria for pavement infiltration applications. 
Most frequently dynamic testing to simulate pavement conditions has 
been carried out in cylindrically shaped, rigid cells which may consist of 
either a steel mold [76,84,96] or a plexiglass cylinder [98]. The subgrade 
soil is generally placed in the bottom of the mold, with the filter layer 
and base material above. A cyclic loading is then applied to the top of the 
specimen through a rigid loading platen. 
An improved test [101] has been developed by Dempsey and Janssen for 
evaluating the relative effectiveness of different geotextiles (Figure 83). 
The test is performed in a triaxial cell at a realistic confining pressure. 
In contrast to other tests, the subgrade soil is placed on top of the 
geotextile filter. Water is continuously passed downward through the 
specimen at a constant hydraulic gradient as a repeated loading is applied. 
The quantity of fines washed through the geotextile is measured, as well as 
the permeability of the geotextile as a function of load repetitions. 
To evaluate long-term performance, one million load repetitions are 
applied. Dawson [105] has pointed out the important need for performing 
tests at realistic vertical stress levels comparable to those existing in 
pavements. He also shows that three dimensional pavement tests are more 
appropriate than the conventional one-dimensional test. 
Selected Practices  
Corps of Engineers Filter Criteria. For unidirectional, non-turbulent 
conditions of flow, the Corps of Engineers recommends the criteria show in 
Table 37. The Corps instructions cautions about using filter materials in 
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Figure 83. Cyclic Load Triaxial Apparatus for Performing Filtration 
Tests (Adapted from Janssen, Ref. 101). 
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FILTER SAND COST (DOLLARS/TON) 
Figure 84. Economic Comparison of Sand and Ceosynthetic Filters for 
Varying Sand Filter Thickness. 
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Table 37 
U.S. Army Corps of Engineers Geosynthetic Filter Criteria 
(Ref. 121) 
Protected Soil 	(Percent 
Passing No. 	200 Sieve) 






E0S(mm) 	< n85 ( mm ) PO4 > 10% kG 	5k — S 
(4) 
5% to 50% 
(2) 
E0S(mm) 	< D85 ( mm ) PO4 >4% k 	> 	5k G — S 
50% to 85% (a) EOS(mm) 	< D85 (mm) 
(b) Upper Limit on EOS 
is EOS (mm) 	< 	.212 mm 
(No. 	70 U. 	S. 	Standard 
Sieve) 
POA > 	4% kG > 	5k S 
>85% (a) E0S(mm) 	< D 85 (mm) 
(b) Lower Limit on EOS 
is EOS 	(mm) 	> 	.125 mm 







Footnotes For Table No. 1 
(1) When the protected soil contains appreciable quantities of material 
retained on the No. 4 sieve use only the soil passing the No. 4 sieve in 
selecting the EOS of the geotextile. 
(2) These protected soils may have a large permeability and thus the POA or 
k G 
may he a critical design factor. 
(3) 1.)85 is the grain size in millimeters for which 85 percent of the sample  
by weight has smaller grains. 
(4) k G is the permeability of the non-woven geotextile and ks is the 
permeability of the protected soil. 
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For fine grained soils having 50 or more percent passing the number 200 
sieve, this criteria requires that the AOS generally be between the No. 70 
and No. 120 U.S. Standard Sieve. Both woven and non-woven geotextiles are 
allowed. To permit adequate drainage and to resist clogging, non-woven 
geotextiles must have a permability greater than 5 times that of the soil. 
For similar reasons, wovens must have a percent open area greater than 4 
percent for soils having 5 to 85 percent passing the number 200 sieve, and 
greater than 10 percent for soils having less than 5 percent fines. 
Pennsylvania DOT Filtration/Separation Practices. The Pennsylvania DOT uses 
as a standard design an open graded subbase (OGS) to act as a blanket drain 
(Table 38). To maintain separation a more densely graded Class 2A stone 
separation layer is placed beneath the open graded drainage course. If a 6 
in (150 mm) thick subbase is used, the two layers are each 3 in. (75 mm) in 
thickness; if a 12 in. (300 mm) subbase is used the two layers are each 6 
in. (150 mm) thick. 
An approved geotextile may be substituted for the separation layer. If 
a geotextile is used, the open graded aggregate drainage layer is placed 
directly on the geotextile, and is equal in thickness to the full depth of 
the subbase. The geotextile separator used typically has a weight of about 
16 oz/yd2 (380 gm/m2 ). It also has the additional mechanical properties: 
AOS smaller than the No. 70 U.S. Sieve; grab tensile strength a. 270 lbs (0.3 
kN); grab elongation ? 15 percent; puncture > 110 lbs (0.5 kN); trapezoidal 
tear strength > 75 lbs (0.3 kN); and an abrasion resistance 	40 lbs (0.3 
kN). 
To exhibit some stability during construction, the open graded base is 
required to have a minimum of 75 percent crushed particles with at least two 
faces resulting from fracture. The open graded base must be well graded, 
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Table 38 
Aggregate Gradations Used by Pennsylvania DOT For Open-Graded 
Drainage Layer (OGS) and Filter Layer (2A) 
AASHTO SEPARATION 
DRAINAGE LAYER (OCS) 
LAYER  
(2A) New Proposal(1) Old 
2 100 100 100 
3/4 52-100 52-100 52-100 
3/8 36-70 36-65 36-65 
#4 24-50 20-40 8-40 
#8 16-38 - - 
#16 30-70 3-10 0-12 
#30 - 0-5 0-8 
#50 - 0-2 - 
#200 <10 0-2 <5 
/ \ 
Note: 1. Tests indicate the proposed gradation should have 
a permeability of about 200 to 400 ft/day. 
Table 39 




GEOTEXTILE SEVERITY CLASSIFICATION 
Low Moderate Severe Very Severe 
1.4 < SF < 2 3,4 2 1 - 
1.4 	< 	SF < 10 4 3 2 1 
SF < 	1.0 - 3,4 - , ./ -- 
SEPARATION NUMBER( 1 ), N 
, — 
2-4 in. 	Top Size 
Aggr., Angular, 
Uniform (no fines 
N 	1) 













1. Rounded gravels can be given a separation number one less than indicated, if desired. 
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and have a uniformity coefficient Cu = D60/D10 ? 4. The open graded base is 
placed using a spreader to minimize segregation. 
California DOT. The California DOT allows the use of geotextiles below open 
graded blanket drains for pavements and also for edge drains. They require 
for blanket drains a nonwoven geotextile having a minimum weight of 4 
oz./yd2 (95 gm/m2 ). In addition, the grab tensile strength must be ? 100 
lbs. (0.4 kN), grab tensile test elongation ? 30 percent, and the toughness 
(percent grab elongation times the grab tensile strength) ? 4000 lbs (18 
kN). These geotextile material requirements are in general much less 
stringent than those used by the Pennsylvania DOT. 
New Jersey/University of Illinois. Barenberg, et al. [75,83,120] have 
performed a comprehensive study of open graded aggregate and bituminous 
stabilized drainage layers. These studies involved wetting the pavement 
sections and observing their performance in a circular test track. The 
subgrade used was a low plasticity silty clay. 
These studies indicated good performance can be achieved by placing an 
open-graded aggregate base over a sand filter, dense-graded aggregate 
subbase or lime-flyash treated base. In one instance, although the open-
graded drainage layer/sand filter used met conventional static filter 
criteria, about 0.5 to 0.75 in. (12-19 mm) of intrusion of sand occurred 
into the open-graded base. A significant amount of intrusion of subgrade 
soil also occurred into an open-graded control section which was placed 
directly on the subgrade. An open-graded bituminous stabilized layer was 
found to be an effective drainage layer, but rutted more than the non-
stabilized drainage material. 
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Lime modifications of the subgrade was also found to give relatively 
good performance, particularly with an open-graded base having a finer 
gradation. Stone penetration into the lime modified subgrade was 
approximately equal to the diameter of the drainage layer stone. 
As a result of this study, the New Jersey DOT now uses as standard 
practice a non-stabilized, open-graded drainage layer placed over a dense 
graded aggregate filter [109]. The drainage layer/filter interface is 
designed to meet conventional Terzaghi type static filter criteria. 
Harsh Railroad Track Environment. The extensive work of Raymond [80] 
was for geotextiles placed at a shallow depth (typical about 8 to 12 in.; 
200-300 mm) below a railroad track structure. This condition constitutes a 
very harsh environment including high cyclic stresses and the use of large, 
uniformly graded angular aggregate above the geotextile. The findings of 
Raymond appears to translate to the most severe conditions possible for the 
problem of filtration below a pavement including a thin pavement section. 
Well needle punched, resin treated, nonwoven geotextiles were found by 
Raymond to perform better than thin heat bonded geotextiles which behaved 
similarly to non-wovens. Also, these nonwovens did better than spun bonded 
geotextiles having little needling. Abrasion of thick spun bonded 
geotextiles caused them not to perform properly either as a separator or as 
a filter. 	Raymond also found the best performing geotextile to be multi- 
layered, having large tex fibers on the inside and low tex fibers on the 
outside. Wehr [82] concluded that only non-woven, needle bonded geotextiles 
with loose filament crossings have a sufficiently high elongation to 
withstand heavy railroad loadings without puncturing. 
For the reversible, non-steady flow conditions existing beneath a 
railway track, heavy, non-woven geotextiles having a low AOS less than 55 pm 
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(U.S. No. 270 sieve size) were found to provide the best resistance to 
fouling and clogging. Use of a low AOS was also found to insure a large 
inplane permeability, which provides important lateral drainage. 
Raymond [80] recommends that at a depth below a railway tie of 12 in. 
(300 mm) the needle punched geotextile should have a weight of at least 20 
oz./yd2 (480 gm/m2 ), and preferably more, for continuous welded rail. A 
depth of 12 in. (300 mm) in a track structure corresponds approximately to a 
geosynthetic placed at the subgrade of a pavement having an AASHTO 
structural number of about 2.75 based on vertical stress considerations 
(Figure 82). Approximately extrapolating Raymond's work based on vertical 
stress indicates for structural numbers greater than about 4 to 4.5, a 
geosynthetic having a U.S. Sieve No. of about 100 to 140 should result in 
roughly the same level of contamination and clogging when a large uniformly 
graded aggregate is placed directly above. 
FILTER SELECTION 
INTRODUCTION 
Factors of particular significance in the use of geotextiles for 
filtration/separation purposes below a pavement can be summarized as follows 
[79,80,93,105,109,110]: 
1. Pavement Section Strength. The strength of the pavement section 
placed over the filter/separator determines the applied stresses 
and resulting pore pressures generated in the subgrade. 
2. Subgrade. The type subgrade, existing moisture conditions and 
undrained shear strength are all important. Low cohesion silts, 
dispersive clays, and low plasticity clays should be most 
susceptible to erosion and filtration problems. Full scale field 
tests by Wehr [82] indicate for low plasticity clays and highly 
compressible silts, that primarily sand and silt erodes into the 
geotextile. 
3. Aggregate Base/Subbase. The top size, angularity and uniformity 
of the aggregate placed directly over the filter. A large, 
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angular uniform drainage layer, for example, constitutes a 
particularly severe condition. 
4. Aggregate Filters. Sand aggregate filters are superior to 
geotextiles, particularly under severe conditions of erosion below 
the pavement [76,80,83,84]. Granular filters are thicker than 
geosynthetics and hence have more three dimensional structural 
effect. 
5. Non-Wovens. Most studies conclude that needle punched, non-woven 
geotextiles perform better than wovens. 
6. Geosynthetic Thickness. Thin (t < 1 mm) non-woven geotextiles do 
not perform as well as thicker, needle punched non-wovens (t 2 2 
mm). 
7. Apparent Opening Size (AOS). The apparent opening size (AOS) is 
at least approximately related to the level of base contamination 
and clogging of the geotextile. Fiber size, fiber structure and 
also internal pore size are all important. 
8. Clogging. In providing filtration protection particularly for 
silts and clays some contamination and filter clogging is likely 
to occur. Reductions in permeability of 1/2 to 1/5 are common, 
and greater reductions occur [80,92,105,107,108]. 
9. Strain. For conditions of a very soft to soft subgrade, large 
strains are locally induced in a geosynthetic when big, uniformly 
graded aggregates are placed directly above. Wehr [82] found 
strains up to 53 percent were locally developed due to the 
spreading action of the aggregate when subjected to railroad 
loads. 
GEOTEXTILE SELECTION 
Where possible cyclic laboratory filtration tests should be performed 
as previously described to evaluate the filtering/clogging potential of 
geosynthetic or aggregate filters to be used in specific applications. The 
filter criteria given in Table 34 can serve as a preliminary guide in 
selecting suitable filters for further evaluation. A preliminary 
classification method is presented for selecting a geosynthetic based on the 
separation/survivability and filtration functions for use as drainage 
blankets beneath pavements. 
Separation. The steps for selection of a geosynthetic for separation and 
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survivability are as follows: 
1. Estimate from the bottom of Table 39 the SEPARATION NUMBER N based 
on the size, gradation and angularity of the aggregate to be 
placed above the filter. 
2. Select from the upper part of Table 39 the appropriate column 
which the Separation Number N falls in based on the bearing 
capacity of the subgrade. Read the SEVERITY CLASSIFICATION from 
the top of the appropriate column. Figure 74 provides a simple 
method for estimating subgrade bearing capacity. 
3. Enter Table 40 with the appropriate geotextile SEVERITY 
CLASSIFICATION and read off the required minimum geotextile 
properties. 
Where filtration is not of great concern, the requirements on apparent 
opening size (AOS) can be relaxed to permit the use of geotextiles with U.S. 
Sieve sizes greater than the No. 70. A separation layer is not required if 
the bearing capacity safety factor is greater than 2.0. Also for a 
Separation Number of 4, a filter layer is probably not required if the 
bearing capacity safety factor is greater than 1.3, and for a SEPARATION 
NUMBER of 3 or more it is not required if the safety factor is greater than 
about 1.7. 
Both sand filter layers and geotextiles can effectively maintain a 
clean separation between an open-graded aggregate layer and the subgrade. 
The choice therefore becomes primarily a matter of economics. 
A wide range of both nonwoven and woven geotextiles have been found to 
work well as just separators [76,78,81-83]. Most geosynthetics when used as 
a separator will reduce stone penetration and plastic flow [84]. The 
reduction in penetration has, however, been found by Glynn and Cochran [84] 
to be considerably greater for thicker, compressible geotextiles than for 
thinner ones. 
More care is perhaps required for the design of an adequate aggregate 
filter to maintain separation than is necessary for the successful use of a 
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geotextile. A granular filter layer having a minimum thickness of 3 to 4 
in. (75-100 mm) is recommended. Bell, et al. [76] found that large 4.5 in. 
(114 mm) diameter aggregates can punch through a thin, uncompacted 2 in. (50 
mm) sand layer into a soft cohesive subgrade. 
Filtration. The geotextile selected based on filtration considerations 
should also satisfy the previously given requirements for separation/ 
survivability. The steps for selection of a geosynthetic for filtration 
considerations are as follows: 
1. Estimate the pavement structural strength category from Table 41 
based on its AASHTO structural number. 
2. Add up the appropriate partial filtration severity numbers given 
in parentheses in each column of Table 42 to obtain the FILTRATION 
INDEX. 
3. Estimate the filtration SEVERITY CLASSIFICATION as follows: 
FILTRATION SEVERITY CLASSIFICATION FILTRATION INDEX 
Very Severe > 30 
Severe 25 - 30 
Moderate 15 - 25 
Low < 15 
4. Enter Table 40 with the appropriate filtration Severity Level, and 
determine the required characteristics of the geotextile. 
Economics. Figure 84 can be used to quickly determine whether a 




Pavement Structural Strength Categories Based on Vertical 








Very Light <2.5 >14 
Light 2.5-3.25 14-9.5 
Medium 3.25-4.5 9.5-5 
Heavy >4.5 <5 
Table 42 
















Dispersive Clays; Law Cohesion 
Silts, < 	151 sand 
(10) 










Wet more than 3 me. 





Silty sands. 	>60% sand. 







. 	Stiffer Stronger 
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The commonly used geosynthetics can be divided into two general groups: 
(1) the polyolefins, which are known primarily as polypropylenes and 
polyethylenes, and (2) the polyesters. Their observed long-term durabiilty 
performance when buried in the field is summarized in this section. 
Most flexible pavements are designed for a life of about 20 to 25 
years. Considering possible future pavement rehabilitation, the overall 
life may be as great as 40 years or more. When a geosynthetic is used as 
reinforcement for a permanent pavement, a high level of stiffness must be 
maintained over a large number of environmental cycles and load repetitions. 
The geosynthetic, except when used for moderate and severe separation 
applications, is subjected to forces that should not in general exceed about 
40 to 60 lb/in. (50-70 kN/m). The strength of a stiff to very stiff 
geosynthetic, which should be used for reinforcement, is generally 
significantly greater than required. Therefore, maintaining a high strength 
over a period of time for reinforcement would appear not to be as important 
as retaining the stiffness of the geosynthetic. For severe separation 
applications, maintaining strength and ductility would be more important 
than for most reinforcement applications. 
Most mechanical properties of geosynthetics such as grab strength, 
burst strength and tenacity will gradually decrease with time when buried 
beneath a pavement. The rate at which the loss occurs, however, can vary 
greatly between the various polymer groups or even within a group depending 
upon the specific polymer characteristics such as molecular weight, 
chainbranching, additives, and specific manufacturing process employed. 
Also, the durability properties of the individual fibers may be 
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significantly different than the durability of the geosynthetic manufactured 
from the fibers. 
Stiffness in some instances has been observed to become greater by 
Hoffman and Turgeon [107] and Christopher [108] as the geosynthetic becomes 
more brittle with age. As a result, the ability of the geosynthetic to act 
as a reinforcement might improve with time for some polymer groups, as long 
as a safe working stress of the geosynthetic is not exceeded as the strength 
decreases. Whether some geosynthetics actually become a more effective 
reinforcement with time has not been shown. 
Changes in mechanical properties with time occur through very complex 
interactions between the soil, geosynthetic and its environment and are 
caused by a number of factors including: 
1. Chemical reactions resulting from chemicals in the soil 
in which it is buried, or from chemicals having an 
external origin such as chemical pollutants or 
fertilizers from agricultural applications. 
2. Sustained stress acting on the geosynthetic which 
through the mechanism of environmental stress cracking 
can significantly accelerate degradation due to chemical 
micro-organisms and light mechanisms. 
3. Micro-organisms. 
4. Aging by ultraviolet light before installation. 
Some general characteristics of polymers are summarized in Table 43 and 
some specific advantages and disadvantages are given in Table 44. 
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Table 43 
General Environmental Characteristics of Selected 
Polymers 





Summary of Mechanisms of Deterioration, Advantages 
and Disadvantages of Polyethylene, Polypropylene 










Polyethylene Environmental stress 
cracking catalized by an 
oxidizing environment; 
Oxidation 
Adsorption of Liquid 
Anti-oxidants usually 
added 
Good resistance to low 
pH environments 
Good resistance to fuels 
Susceptible to creep and stress 
relaxation; environmental stress 
Degradation due to oxidation 
catalized by heavy metals - iron, 
copper, 	zinc, manganese 
Degradation in strong alkaline 
environment such as concrete, 
lime and fertilizers 
Polypropylene Environmental stress 
cracking catalized by 	(2) 
an oxidizing environment; 
Oxidation; 
Adsorption of Liquid; 
Anti-oxidants usually 
added 
Good resistance to low 
and high pH environments 
Susceptible to creep and stress 
relaxation; Environmental stress 
cracking 
Degradation due tc oxidation 
catalized by heavy metals - 
iron, copper, 	zinc, manganese, 
etc. 
May be attacked by hydrocarbons 
such as fuels with time 
Polyester Hydrolysis - takes In 
water 
Good creep and stress 
relaxation properties 
Attacked by strong alkaline 
environment 
N 
Notes: 1. Physical properties in general should be evaluated of the geosynthetic which can have different 
properties than the fibers. 
2. Environmental stress cracking is adversely affected by the presence of stress risers and residual stress. 
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SOIL BURIAL 
Full validation of the ability of a geosynthetic used as a 
reinforcement to withstand the detrimental effects of a soil environment can 
only be obtained by placing a geosynthetic in the ground for at least three 
to five years and preferably ten years or more. One study has indicated 
that the strength of some geosynthetics might increase after about the first 
year of burial [107], but gradually decrease thereafter. The geosynthetic 
should be stressed to a level comparable to that which would exist in the 
actual installation. 
Relatively little of this type data presently exists. Translation of 
durability performance data from one environment to another, and from one 
geosynthetic to another is almost impossible due to the very complex 
interaction of polymer structure and environment. Different environments 
including pH, wet-dry cycles, heavy metals present, and chemical pollutants 
will have significantly different effects on various geosynthetics. In 
evaluating a geosynthetic for use in a particular environment, the basic 
mechanisms affecting degradation for each material under consideration must 
be understood. 
Long-term burial tests should be performed on the actual geosynthetic 
rather than the individual fibers from which it is made. The reduction in 
fiber tensile strength in one series of burial tests has been found by 
Scotten [112] to be less than ten percent. The overall strength loss of the 
geotextile was up to 30 percent. Hence, geosynthetic structure and bonding 
can have an important effect on overall geosynthetic durability which has 
also been observed in other studies [113]. 
Hoffman and Turgeon [107] have reported the change in grab strength 
with time over 6 years. After six years the nonwoven polyester geotextile 
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studied exhibited no loss in strength in the machine direction (a 26 percent 
strength loss was observed in the cross-direction). The four polypropylenes 
exhibited losses of strength varying from 2 to 45 percent (machine 
direction). All geotextiles (except one nonwoven polypropylene) underwent a 
decrease in average elongation at failure varying up to 32 percent; hence 
these geotextiles became stiffer with time. Since the geosynthetics were 
used as edge drains, they were not subjected to any significant level of 
stress during the study. 
After one year of burial in peat, no loss in strength was observed for 
a polypropylene, but polyester and nylon 6.6 geotextiles lost about 30 
percent of their strength [114]. In apparent contradiction to this study, 
geosynthetics exposed for at least seven years showed average tenacity 
losses of 5 percent for polyethylene, 15 percent for nylon 6.6, and 30 
percent for polypropylene. Slit tape polypropylenes placed in aerated, 
moving seawater were found to undergo a leaching out of anti-oxidants if the 
tape is less than about eight microns thick [115]. Table 45 shows for these 
conditions the important effects that anti-oxidants, metals and condition of 
submergence can have on the life of a polypropylene. Alternating cycles of 
wetting and drying were found to be particularly severe compared to other 
conditions. 
Burial tests for up to seven years on spunbonded, needle-punched 
nonwoven geotextiles were conducted by Colin, et al. [116]. The test 
specimens consisted of monofilaments of polypropylene, polyethylene and a 
mixture of polypropylene and polyamide-coated polypropylene filaments. The 
geotextiles were buried in a highly organic, moist soil having a pH of 6.7. 
Temperature was held constant at 20°C. A statistically significant decrease 












































































samples. One polypropylene geotextile did indicate a nine percent average 
loss of burst strength. 
When exposed to a combination of HCL, NaOH, sunlight and burial, 
polyester nonwovens were found to be quite susceptible to degradation, 
showing strength losses of 43 to 67 percent for the polyesters compared to 
12 percent for polypropylene [117]. Polyester and polyproylene, when buried 
for up to 32 months, did not undergo any significant loss of mechanical 
properties [118]. Both low and high density polyethylene, however, became 
embrittled during this time. Stabilizers were not used, however, in any of 
these materials. 
Schneider [117] indicates geotextiles buried in one study for between 
four months and seven years, when subjected to stress in the field, 
underwent from five to as much as seventy percent loss in mechanical 
properties. The loss of tenacity of a number of geotextiles buried under 
varying conditions for up to ten years in France and Austria has been 
summarized by Schneider [107,108,112,116,117,118]. Typically the better 
performing geotextiles lost about 15 percent of their strength after five 
years, and about 30 percent after ten years of burial. 
Summary of Test Results. Scatter diagrams showing observed long-term loss of 
strength as a function time are given in Figure 85 primarily for 
polyproylene and polyester geotextiles. This data was obtained from 
numerous sources including [107,108,116,117,119]. The level of significance 
of the data was generally very low except for the nonwoven polypropylene 
geotextiles where it was 73 percent. Confidence limits, which admittedly 
are rather crude for this data, are given on the figures for the 85 and 95 
percent levels. 
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In these comparisons, loss of strength was measured by a number of 
different tests including burst strength, grab strength and tenacity. The 
wide range of geosynthetics, test methods and environments included in this 
data probably account for at least some of the large scatter and poor 
statistical correlations observed. As a result, only general trends should 
be observed from the data. The results indicate after 10 years the typical 
reduction in strength of a polypropylene or polyester geotextile should be 
about 20 percent; the 85 percent confidence limit indicates a strength loss 
of about 30 percent. With two exceptions, the polyester geosynthetics 
showed long-term performance behavior comparable to the polypropylenes. 
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CHAPTER IV 
CONCLUSIONS AND SUGGESTED RESEARCH 
INTRODUCTION 
This study was primarily concerned with the geosynthetic reinforcement 
of an aggregate base of a flexible pavement. Geosynthetics are manufactured 
from polymers and include woven and nonwoven geotextiles and also geogrids 
which generally have an open mesh. To evaluate the use of geosynthetics as 
reinforcement, an analytical sensitivity study and large-scale laboratory 
experiments were performed on selected pavement sections. 
A geotextile reinforcement may at the same time serve the functions of 
separation and/or filtration. Therefore, these aspects were also included 
in the study. Separation and filtration is considered timely to include 
because of the present interest in employing open-graded drainage layers 
which frequently require a filter layer. Finally, the important question is 
briefly addressed concerning the durability of geosynthetics when buried for 
a long period of time. Existing literature was relied upon for the 
separation, filtration and durability portions of the study. 
OVERALL EVALUATION OF AGGREGATE BASE 
REINFORCEMENT TECHNIQUES 
In studying new methods for improving pavement performance, all 
important factors must be carefully integrated together to develop a 
realistic overall evaluation. In this study methods were investigated 
involving the reinforcement of an unstabilized aggregate base to be used 
beneath a surfaced flexible pavement. Specific methods of improvement 
evaluated included (1) geotextile and geogrid reinforcement placed within 
the base, (2) prestressing the aggregate base (and also as a result the 
250 
subgrade) by means of pretensioning a geosynthetic, and (3) prerutting the 
aggregate base either with or without geosynthetic reinforcement. A general 
assessment of the above improvement techniques is made including their 
overall benefit, their relative potential, and an economic evaluation. The 
term geosynthetic as used in this study means either geotextiles or 
geogrids. 
GEOSYNTHETIC REINFORCEMENT BENEFITS 
The laboratory and analytical results indicate that geosynthetic 
reinforcement of an aggregate base can, under the proper conditions, improve 
pavement performance with respect to both permanent deformation and fatigue. 
In general, important levels of improvement will only be derived for 
relatively light sections placed on weak subgrades or having low quality 
aggregate bases. Some specific findings from the study are as follows: 
1. 	Type and Stiffness of Geosynthetic. 	The experimental 
results suggest that a geogrid having an open mesh has 
the reinforcing capability of a woven geotextile having 
a stiffness approximately 2.5 times as great as the 
geogrid. Comparative tests were not performed on 
nonwoven geotextiles which might have better reinforcing 
characteristics than wovens due to improved friction 
characteristics. From the experimental and analytical 
findings, it appears at this time that the minimum 
stiffness to be used for aggregate base reinforcement 
applications should be about 1500 lbs/in. (1.8 kN/m) for 
geogrids and 4000 lb/in. (4.3-4.9 kN/m) for woven 
geotextiles. Geosynthetics having stiffnesses much less 
than the above values would not have the ability to 
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effectively perform, even on weak pavements, as a 
reinforcement. 
Placing geosynthetics having the above stiffnesses within 
pavements would not be expected to increase the overall 
stiffness of the system as indicated for example by the 
falling weight deflectometer (FWD) or Dynaflect methods. 
2. 	Geosynthetic Position. 	The experimental results show 
that placing the reinforcement in the middle of a thin 
aggregate base can reduce total permanent deformations. 
For light pavement sections constructed with low quality 
aggregate bases, the preferred position for the 
reinforcement should be in the middle of the base, 
particularly if a good subgrade is present. Placement 
of the reinforcement at the middle of the base will also 
result in better fatigue performance than at the bottom 
of the layer. 
For pavements constructed on soft subgrades, the 
reinforcement should probably be placed at or near the 
bottom of the base. This would be particularly true if 
the subgrade is known to have rutting problems, and the 
base is of high quality and well compacted. The 
analytical approach indicated placing the reinforcement 
at the bottom of the base would be most effective in 
minimizing permanent deformations in the subgrade. The 
experimental study showed important improvements of 
subgrade rutting when a very stiff geotextile was placed 
at the bottom of an extremely weak section. Almost no 
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improvement was observed, however, for a stronger 
section having a stiff geogrid at the bottom. In these 
tests most of the rutting occurred in the base, and 
hence reduction of rutting in the subgrade would be 
harder to validate. The possibility does exist that the 
geogrid may be more effective when aggregate is located 
on both sides, compared to a soft subgrade being located 
on the bottom. 
3. Subgrade Rutting. Light to moderate strength sections 
placed on weak subgrades having a CBR < 3 (E s = 3500 
psi; 24 MN/m 2 ) are most susceptible to improvement by 
geosynthetic reinforcement. The structural section in 
general should have AASHTO structural numbers no greater 
than about 2.5 to 3 if reduction in subgrade rutting is 
to be achieved by geosynthetic reinforcement. 
4. Pavement Strength. As the structural number and 
subgrade strength of the pavement decreases below the 
above values, the improvement in performance due to 
reinforcement should rapidly become greater. Strong 
pavement sections placed over good subgrades would not 
in general be expected to show any significant level of 
improvement due to geosynthetic reinforcement of the 
type studied. Also, sections with asphalt surface 
thicknesses greater than about 2.5 to 3.5 in. (64-90 mm) 
would be expected to exhibit little improvement even if 
placed on weak subgrades. 
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5. Low Quality Base. 	Geosynthetic reinforcement of a low 
quality aggregate base can, under the proper conditions, 
reduce rutting. The asphalt surface should in general 
be less than about 2.5 to 3.5 in. (64-90 mm) in 
thickness for the reinforcement to be most effective. 
6. Improvement Levels. 	Light sections on weak subgrades 
reinforced with geosynthetics having equivalent 
stiffnesses of about 4000 to 6000 lbs/in. (4.9-7.3 kN/m) 
can give reductions in base thickness on the order of 10 
to 20 percent based on equal strain criteria in the 
subgrade and bottom of the asphalt surfacing. For light 
sections this corresponds to actual reductions in base 
thickness of about 1 to 2 in. (25-50 mm) for light 
sections. For weak subgrades and/or low quality bases, 
total rutting in the base and subgrade might under ideal 
conditions be reduced on the order of 20 to 40 percent. 
Considerably more reduction in rutting occurs, however, 
for the thinner sections on weak subgrades than for 
heavier sections on strong subgrades. 
7. Fatigue. 	The analytical results indicate that 
improvements in permanent base and subgrade deformations 
may be greater than the improvement in fatigue life, 
when these improvements are expressed as a percent 
reduction of required base thickness. This is true for 
reinforcement locations at the center and bottom of the 
base. The experimental results are inconclusive as to 
whether fatigue is actually affected less by 
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reinforcement than rutting. Improvement in fatigue 
performance perhaps might be greater than indicated by 
the analytical analyses. The optimum position of 
geosynthetic reinforcement from the standpoint of 
fatigue appears to be at the top of the base. 
Finally, geosynthetic reinforcement should not be 
used as a substitute for good construction and quality 
control practices. Good construction practices would 
include proper subgrade preparation including proof- 
rolling and undercutting when necessary, and compacting 
aggregate bases to a minimum of 100 percent of AASHTO T-
180 density. The fines content of aggregate bases 
should be kept as low as practical, preferably less than 
8 percent. 
PRERUTTING AND PRESTRESSING 
Both prerutting and prestressing the aggregate base was found 
experimentally to significantly reduce permanent deformations within the 
base and subgrade. The analytical results also show prestressing to be 
quite effective; fatigue life should also be significantly improved if the 
center of the layer is prestressed. Stress relaxation of a long period of 
time, however, could significantly reduce the effectiveness of prestressing 
the aggregate base. The experimental findings of this study indicate that 
prerutting is equally effective with or without the presence of geosynthetic 
reinforcement. 
Prerutting without a geosynthetic provides the potential for a quick, 
permanent, and cost-effective method for significantly improving performance 
of light pavements constructed on weak subgrades. Prerutting may also be 
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found effective where low quality aggregate bases are used, or where 
reasonably strong pavement sections are placed on weak subgrades. 
ECONOMIC CONSIDERATIONS 
Prerutting and Prestressing. 	The most promising potential method of 
improvement studied appears at this time to be prerutting a non-reinforced 
aggregate base. Prerutting without reinforcement should give performance 
equal to that of prestressing, and significantly better performance compared 
to the use of stiff to very stiff non-prestressed reinforcement. Further, 
prerutting does not have the present uncertainties associated with 
prestressing an aggregate base, including whether prestressing will prove 
effective over a long period of time. 
The cost of prerutting an aggregate base at one level would be on the 
order of 25 percent of the inplace cost of a stiff geogrid (S g = 1700 
lbs/in.; 2.1 kN/m). Recall that a stiff geogrid apparently has the 
equivalent reinforcing ability equal to or even greater than a very stiff, 
woven geotextile. Further, prestressing the aggregate base using the same 
geogrid would result in a total cost equal to at least 2 times (and more 
likely 2.5 times) the actual cost of the geogrid. Therefore, the total 
expense associated with prestressing an aggregate base would be on the order 
of 10 times that of prerutting the base at one level when a geosynthetic 
reinforcement is not used. Prerutting without reinforcement is cheap and 
appears to be quite effective, at least with regard to reducing permanent 
deformations. Full-scale field experiments should therefore be conducted to 
more fully validate the concept of prerutting, and develop appropriate 
prerutting techniques. 
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Geosynthetic Reinforcement. 	The use of geosynthetic reinforcement is in 
general considered to be potentially economically feasible only when 
employed in light pavements constructed on soft subgrades, or where low 
quality bases are used beneath relatively thin asphalt surfacings. 
Geosynthetic reinforcement may also be economically feasible for other 
combinations of structural designs and material properties where rutting is 
a known problem. 
General guidance concerning the level of improvement that can be 
achieved using geosynthetic reinforcement of the aggregate base is given in 
Figures 86 to 90 (refer also to Tables 29, 30 and 33). The results 
presented in this study were developed for specific conditions including 
material properties and methodology. Certainly full-scale field studies are 
needed to validate the findings of this study. In estimating potential 
levels of improvement for a specific pavement, the results of the entire 
study including the uncertainties associated with it should be integrated 
together considering the specific unique conditions and features associated 
with each design. 
Figure 91 gives the relationship between the inplace geosynthetic cost 
(or the cost of some other type improvement), the local inplace cost of 
aggregate base, and the corresponding reduction in aggregate base thickness 
that would be required for the reinforcement to be comparable in cost to a 
non-reinforced aggregate base. This figure serves as an aid in evaluating 
the economics of using aggregate base reinforcement, particularly for 
subgrade rutting problems. 
Consider as a hypothetical example, the economics of reinforcing a 
pavement having a light to moderate structural section constructed on a 
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psi; 64 mm, 250 mm, 24 MN/m 2 ). Further, a geogrid is to be used having a 
stiffness of about 1700 lbs/in. (21 kN/m). The geogrid should perform equal 
to or somewhat better than a very stiff woven geotextile based on the 
experimental results of Test Series 4. Assume the geogrid costs inplace 
$1/yd2 ($1.19/m2 )) and performs about the same as a geotextile having a 
stiffness of 4000 lbs/in. (4.9 kN/m). From Figures 86 and 87, the reduction 
in base thickness should be about 1.0 to 1.3 in. (25-33 mm). Considering 
fatigue might be improved more than the analytical approach indicates, 
assume the allowable reduction in base thickness is 1.3 in. (33 mm). 
From Figure 91, the required inplace cost of stone base to make the 
geosynthetic economically comparable to an aggregate base would be about $15 
per ton. The use of a grid reinforcement could help to decrease rutting, 
particularly if poorer materials were involved; this aspect should not be 
overlooked making the final decision concerning reinforcement. 
CONSTRUCTION ASPECTS 
Stretching Geosynthetic in the Field. 	The results of this study show that 
to be effective as a reinforcement, the geosynthetic must undergo strain, 
with the amount of strain required depending upon the desired level of 
improvement and the stiffness of the geosynthetic. If the geosynthetic is 
placed in the field so as to have slack or wrinkles, then considerable 
deformation is required in the form of rutting before the strain is 
developed to mobilize sufficient tensile force in the geosynthetic necessary 
to make it effective. Theory indicates that even a small amount of slack on 
the order of 0.2 percent of the width of the geotextile can render it 
essentially ineffective. 
To remove wrinkles and irregularities, the geosynthetic should be 
stretched as tight as practical by hand during placement [42]. Then a 
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special fork, or other device, should be used to at least lightly stretch 
the geosynthetic. The geosynthetic should then be fastened down with wood 
or metal stakes to give the best performance and most uniform strain 
distribution within the geosynthetic [26,42]. Use of a top plate on the 
stake is recommended to prevent a geogrid from lifting up off the stake, 
particularly when a soft cohesive subgrade is present. 
Wide Geosynthetic Widths. 	A simple but relatively effective method can be 
readily used in practice for stretching a geosynthetic when used across a 
roadway or embankment about 60 ft. (18 m) or more in width and requiring 
several feet of fill (Figure 92). The geosynthetic is first spread out over 
an area of about 200 to 300 ft. (60-90 m) in length. The material is rolled 
out in the short direction, and any necessary seams made. Fingers of fill 
are then pushed out along the edges of the geosynthetic covered area in the 
direction perpendicular to the roll direction. Usually the fingers are 
extended out about 40 to 100 ft. (12-30 m) ahead of the main area of fill 
placement between the fingers. The fingers of fill pushed out are typically 
20 to 30 ft. (6-9 m) in width, and serve to anchor the two ends of the 
geosynthetic. When fill is placed in the center area, the resulting 
settlement stretches the geosynthetic. This technique is particularly 
effective where soft subgrade soils are encountered in eliminating most of 
the slack in the geosynthetic, and even may place a little initial stretch 
in the material. 
Pretensioning. 	If the aggregate base is to be prestressed, effective and 
efficient methods must be devised for pretensioning the geosynthetic in the 
field. A technique was previously suggested in Chapter III involving 




Area Being Stretched by Fill 
Settlement on Weak Subgrade 
Figure 92. Placement of Wide Fill to Take Slack Out of 
Geosynthetic. 
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cables. Effective methods of pretensioning, however, can only be developed 
and refined through development studies including field trials. 
Prerutting. 	Appropriate techniques for prerutting the aggregate base in 
the field need to be established. Prerutting is just an extension of proof-
rolling. Prerutting in the laboratory was carried out in a single rut path 
for a base thickness of 8 in. (200 mm). Development of a total rut depth of 
about 2 in. (50 m) was found to be effective in reducing rutting in both the 
8 in. (200 mm) aggregate base and also the subgrade. For actual pavements 
it may very likely be found desirable to prerut along two or three wheel 
paths, perhaps spaced apart about 12 in. (300 mm). The actual rut spacing 
used would be dependent upon the wheel configuration selected to perform the 
prerutting. Probably prerutting in the field an 8 in. (200 mm) base 
thickness would be a good starting point. Caution should be exercised to 
avoid excessive prerutting. Prerutting of course could be performed at more 
than one level within the aggregate base. 
Wind Effects. 	Wind can further complicate the proper placement of a 
geotextile. A moderate wind will readily lift a geotextile up into the air. 
Thus, it is generally not practical to place geotextiles on windy days. If 
geotextiles are placed during even moderate winds, additional wrinkling and 
slack may result in the material. On the other hand, geogrids are not 
lifted up by the wind due to their open mesh structure, and hence can be 
readily placed on windy days [42]. 
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SEPARATION AND FILTRATION 
The level of severity of separation and filtration problems varies 
significantly depending upon many factors including the type subgrade, 
moisture conditions, applied stress level and the size, angularity and 
grading of the aggregate to be placed above the subgrade. Separation 
problems involve the mixing of an aggregate base/subbase with the underlying 
subgrade. Separation problems are most likely to occur during construction 
of the first lift of the aggregate base/subbase or perhaps during 
construction before the asphalt surfacing has been placed. Large, angular 
open-graded aggregates placed directly upon a soft or very soft subgrade 
result in a particularly harsh environment with respect to separation. When 
separation is a potential problem, either a sand or a geotextile filter can 
be used to maintain a reasonably clean interface. Both woven and nonwoven 
geotextiles have been found to adequately perform the separation function. 
When an open-graded drainage layer is placed above the subgrade, the 
amount of contamination due to fines moving into this layer must be 
minimized by use of a filter to insure adequate flow capacity. A very 
severe environment with respect to subgrade erosion exists beneath a 
pavement which includes reversible, possibly turbulent flow conditions. The 
severity of erosion is greatly dependent upon the structural thickness of 
the pavements, which determines the stress applied to the subgrade. Also, 
low cohesion silts and clays, dispersive clays and silty fine sands are 
quite susceptible to erosion. Sand filters generally perform better than 
geotextile filters, although satisfactorily performing geotextiles can 
usually be selected. Thick nonwoven geotextiles perform better than thin 
nonwovens or wovens partly because of their three-dimensional effect. 
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Semi-rational procedures are presented in Chapter III for determining 
when filters are needed for the separation and filtration functions. 
Guidance is also given in selecting suitable geotextiles for use beneath 
pavements. These procedures and specifications should be considered 
tentative until further work is conducted in these areas. Whether a sand 
filter or a geotextile filter is used would for most applications be a 
matter of economics. 
DURABILITY 
Relatively little information is available concerning the durability of 
geosynthetics when buried in the ground for long periods of time. 
Consideration should be given to the environment in which it will be used. 
Polypropylenes and polyethylenes are susceptible to degradation in oxidizing 
environments catalized by the presence of heavy minerals such as iron, 
copper, zinc and manganese. Polyesters are attacked by strong alkaline and 
to a lessor extent strong acid environments; they are also susceptible to 
hydrolysis. 
Under favorable conditions the loss of strength of typical 
geosynthetics should be on the order of 30 percent in the first 10 years; 
because of their greater thickness, geogrids may exhibit a lower strength 
loss. For separation and filtration applications, geosynthetics should have 
at least a 20 year life. For reinforcement applications geosynthetic 
stiffness is the most important structural consideration. Limited 
observations indicate that some geosynthetics will become more brittle with 
time and actually increase in stiffness. Whether better reinforcement 
performance will result has not been demonstrated. The typical force 
developed in a geosynthetic used for aggregate base reinforcement of 
surfaced pavements should be less than about 40 lbs/in. (50 N/m). Most 
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geosynthetics would initially be strong enough to undergo significant 
strength loss for at least 20 years before a tensile failure of the 
geosynthetic might become a problem for pavement reinforcement applications. 
Whether geosynthetics used for separation, filtration, or reinforcement can 
last for 40 or 50 years has not been demonstrated. 
SUGGESTED RESEARCH 
Reinforcement  
The laboratory investigation and the sensitivity analyses indicate the 
following specific areas of base reinforcement which deserve further 
research: 
1. Prerutting. Prerutting a non-reinforced aggregate base 
appears to have the best overall potential of the 
methods studied for improving pavement performance. 
Prerutting in the large-scale experiments was found to 
be both effective and also inexpensive. 
2. Low Quality Aggregate Base. The geosynthetic 
reinforcement of an unstabilized, low quality aggregate 
base appears to offer promise as one method for reducing 
permanent pavement deformation of pavements having thin 
asphalt surfacings. 
3. Weak Subgrade. Geosynthetic reinforcement of light 
pavement sections constructed on weak subgrades having a 
CSR less than 3, and preferably less than 2, shows some 
promise for reducing permanent deformations, 
particularly in the subgrade. 
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The recommendation is therefore made that additional an experimental 
investigation be conducted to further evaluate these three techniques for 
potentially improving pavement performance. This investigation should 
consist of carefully instrumented, full-scale field test sections. A 
description of a proposed experimental plan for this study is presented in 
Appendix C. 
Separation/Filtration  
Important areas involving separation and filtration deserving further 
study are: 
1. 	Geosynthetic Durability. A very important need 
presently exists for conducting long-term durability 
tests on selected geosynthetics known to have good 
reinforcing properties. Such a study would be 
applicable to mechanically stabilized earth 
reinforcement applications in general. The 
geosynthetics used should be subjected to varying levels 
of stress, and buried in several different carefully 
selected soil environments. Tests should run for at 
least 5 years and preferably 10 years. Soil 
environments to include in the experiment should be 
selected considering the degradation susceptibility of 
the polymers used in the study to specific environments. 
Properties to be evaluated as a function of time should 
include changes in geosynthetic strength, stiffness, 
ductility and chemical composition. 
Admittedly, each geosynthetic product has a different 
susceptibility to environmental degradation. 
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Nevertheless, a considerable amount of valuable 
information could be obtained from a long-term 
durability study of this type. 
2. 	Filtration. 	A formal study should be undertaken to 
evaluate the filtration characteristics of a range of 
geotextiles when subjected to dynamic load and flowing 
water conditions likely to be encountered both beneath a 
pavement, and also at lateral edge drains. The tests 
should probably be performed in a triaxial cell by 
applying cyclic loads as water is passed through the 
sample. At least 1x106 load repetitions should be 
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PROPERTIES OF MATERIALS USED IN LARGE-SCALE 
PAVEMENT TEST FACILITY 
APPENDIX B 
LABORATORY TESTING OF MATERIALS 
GENERAL 
An extensive laboratory testing program was carried out to characterize 
all the pavement material used in this project. The tests were carried out 
in accordance with either (1) existing ASTM and British Standards, (2) 
tentative standards and procedure in their proposal stage (for the 
geosynthetics), or (3) established and published testing procedures adopted 
by individual laboratories (for the cyclic load triaxial test). 
Tests on Silty Clay Subgrade  
The silty clay, known as Keuper Marl, has been used extensively at 
Nottingham in earlier research projects on repeated load triaxial testing 
(B-1,B-2) and also as the subgrade in the PTF (B-3). The work carried out 
by Loach (B-4) on compacted samples of Keuper Marl was of most relevance to 
the current project. One result obtained from Loach's tests is shown in 
Fig. B-1. This indicates the relationship between resilient modulus and CBR 
for compacted samples of Keuper Marl and clearly shows the influence of 
shear stress on the relationship (i.e., the nonlinear stiffness 
characteristic of the soil). 
Despite the large amount of data accumulated from previous tests on 
Keuper Marl, a few index tests and four repeated load triaxial tests were 
carried out on samples of material used during the project in order to 
characterize the particular index and mechanical properties. The basic 
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Table B-1. Results of classification tests for Keuper Marl. 
Unified Soil Classification CL 
Specific Gravity 2.69 
% Clay 33 
Plastic Limit .(%) 18 
Liquid Limit (%) 37 
Plasticity Index 19 
Maximum Dry Density* (pcf) 117 
Optimum Moisture Content* (%) 15.5 
* According to British Standard 1377 (B-8). 
Cyclic Load Triaxial Test. 	It has been found (B-5,B-6,B-7) that 
relationships exist between soil suction and elastic stiffness for saturated 
and near saturated clay. Therefore, in order to determine the general 
resilient properties of Keuper Marl, a series of soil suction and cyclic 
load triaxial tests are required. Loach (B-4) carried out some soil suction 
tests on samples of compacted Keuper Marl at their original moisture 
contents using the Rapid Suction Apparatus developed at the Transport and 
Road Research Laboratory (B-9). The results of his tests are shown in Fig. 
B-2. Loach also carried out repeated load triaxial tests on compacted 3 in. 
(76 mm) diameter cylindrical samples of Keuper Marl. The ranges of cell 
pressure and repeated deviator stress he used during these tests were 9 to 
4.35 psi (0 to 30 kPa) and 0 to 10.15 psi (0 to 70 kPa), respectively. 
Using a similar procedure to that adopted by Loach and with the aid of a 
computer-controlled servo-hydraulic testing system, four additional tests 
were performed on recompacted samples obtained from the pavement test 
sections. The results of these tests generally conformed with those 
obtained by Loach who suggested the following equation to model the elastic 
stiffness of compacted Keuper Marl: 
qr 
B 
(u+ctri ) r E 
-A- q 
where: u = suction in kPa 
p = cell pressure in kPa 
a = 0.3 (Croney) 
Er = Elastic Stiffness in kPa 
qr = Repeated deviator stress in kPa 
A = 2740 









Both A and B are constants derived from experiments. 
For the permanent strain behavior of Keuper Marl, the results obtained 
by Bell (B-3) was found to be the most applicable. Comparison of the index 
properties between Bell's soil and the one used in the current project 
showed them to be similar. The permanent strain tests were carried out at a 
frequency of 4 Hz and with a 2 second rest period. A cell pressure of 0.26 
psi (1.8 kPa) and repeated deviator stresses in the range of 2.2 to 10.2 psi 
(15 to 70 kPa) were used. The increase of permanent axial and radial 
strains with number of cycles for the tests are summarized in Fig. B-3. 
Tests on Granular Base Material  
Laboratory tests performed on the granular materials consisted mainly 
of cyclic load triaxial tests, compaction tests, sieve analyses and other 
■.■ 
index tests. 
Cyclic Load Triaxial Test. 	Details of procedure and equipment for carrying 
out cyclic load triaxial tests on granular material were described by Pappin 
(B-10) and Thom (B-11). Each cyclic load triaxial test was subdivided into: 
1) A resilient strain test where the stress paths were far 
away from failure with the resulting strain essentially 
recovered during unloading and, 
2) A permanent strain test where the stress path was 
considerably closer to the failure condition, hence 
allowing permanent strain to accumulate. 
A total of six tests were carried out on recompacted 6 in. (150 mm) 
diameter samples of the two types of material at various moisture contents. 
The results of earlier testing showed that resilient behavior of a granular 
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Figure B-3. Permanent axial'and radial strain response of 
Keuper Marl for a range of stress pulse 
amplitudes (after Bell). 
B-8 
nonlinear. Hence, each of the six tests used 20 stress paths, as shown in 
Fig. B-4, to characterize resilient strain. The ranges of repeated cell 
pressure and repeated deviator stress used in the tests were 0 to 36 psi (0 
to 250 kPa) and 0 to 29 psi (0 to 200 kPa), respectively. For permanent 
strain tests, a cell pressure of 7.3 psi (50 kPa) and a repeated deviator 
stress of 0 to 20 psi (0 to 200 kPa) were used. Up to 2000 stress cycles at 
a frequency of about 1 hz were applied to the test samples. 
The results of the resilient strain tests were interpreted by means of 
Boyce's model (B-12) which expressed the bulk modulus, K, and the shear 
modulus, G, as a function of both p', the mean normal effective stress, and 
q, the deviator stress. The equations which Boyce used in the 
interpretation of results are as follows: 
G = G i p' (1-n ) 
K = K1p' (1-n) /(1 - 13(q/p') 2 } 
where 
P' = (aa + 2oc ) 	q = 1/2(aa - ad 
and K1,G1,n and PI are constants to be determined by experiments. 
Based on the above equations, the results of the resilient tests are 
summarized in Table B-2. 
The results for the permanent strain tests for the two types of 
granular material are shown in Figs. B-5 and B-6. The dry densities of the 
test samples are shown in Table B-2. The results are presented in the form 
of change of permanent axial and radial strains with the number of stress 
cycles. Figure B-5 indicates that the sand and gravel has a rather low 
resistance to permanent deformation. For the dolomitic limestone, Fig. B-6 
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le Stress Path for Plastic Strain Testing 
100 	 200 
Mean Normal Stress (kPa) 
Figure B-4. Stress paths used in cyclic load triaxial 
tests for granular materials. 
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NUMBER OF CYCLES 
Figure B-5. Permanent axial and radial strains response of sand & 
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NUMBER OF CYCLES 
Figure B-6. Permanent axial and radial strains response of dolomitic 
limestone during repeated load triaxial test at various 
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moisture content and as the material approaches saturation, very rapid 
increase in the rate of deformation will occur. 
Compaction Tests. 	A series of compaction tests were carried out in order 
to determine the optimum moisture content and maximum dry density of the 
compacted material. For the sand and gravel, the test was carried out 
according to the ASTM D-1557 test method (B-13) while for the dolomitic 
limestone, the British Standard Vibrating Hammer method (B-8) was adopted. 
The results of the tests for the two materials are shown in Fig. B-7. 
Index Tests. 	Two plasticity index tests were carried out for the fines 
(less than 425 micron) of each of the two granular materials. The fines for 
the sand and gravel were found to be non-plastic, while the PI of the fines 
for the dolomitic limestone was found to be 3 percent. One flakiness index 
test BS812 (B-14) was performed on the crushed dolomitic limestone used in 
the third series of tests. The result of the test indicated an index of 9 
percent overall while for individual size fractions, the index varied from 
3.8 to 16.1 percent. 
Tests on Geosynthetics  
Large Direct Shear Box Tests. 	Twenty-four large direct shear box tests 
were performed on the two geosynthetic materials in conjunction with the 
soil and granular materials. The shear box used for these tests measured 
11.8 in. (300 mm) square by 6.7 in. (170 mm) high. In each test, the same 
material was used in both the upper and lower half of the shear box. 
Compaction was carried out by using a hand-held vibrating hammer. In 
general, the moisture content and dry density of the material at the time of 
the large scale pavement test were simulated. Details of the tests and the 
results are shown in Table B-3 and Fig. B-8, respectively. For most of the 
B-14 
a 	3 	 10 	 12 






= 2 . 7 
0 











MOISTURE CONTENT (7;-;) 
Note: Sand & Gravel are compacted according to ASTM D-1557 test method (B-13) 
while dolomitic limestone. uses the British Standard vibrating 
hammer test method (B-14). 
Figure B-7. Results of standard compaction tests for the granular 
materials. 
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  138 3.8 1.10 0.75 .06 
138 3.4 2.18 1.46 .06 




IN 136 3.4 1.22 1.15 .30 





Nicolon/Limestone 138 5.0 0.54 0.46 .06 
137 4.7 1.06 0.99 .06 
138 4.9 2.18 1.75 .06 
10 Tensar SS1/Limestone 139 5.7 0.55 0.62 .06 
11 139 5.6 1.10 1.10 .06 
12 141 5.0 2.18 2.00 .06 
13 Crushed Limestone 138 5.0 0.65 0.70 .30 
14 140 4.9 1.29 1.27 .30 
15 138 5.2 2.21 2.30 .30 
16 Nicolon/Keuper Marl 107 16.6 0.55 0.38 .06 
17 109 16.3 1.12 0.75 .30 
18 110 16.6 2.18 1.39 .30 
19 Tensar/Keuper Marl 106 16.5 0.55 0.48 .30 
20 109 16.2 1.10 0.95 .30 
21 111 16.3 2.10 1.48 .30 
22 Keuper Marl 105 16.8 0.54 0.47 .30 
23 107 16.9 1.07 0.75 .30 
24 108 16.4 2.20 1.30 .30 
tests involving granular material, maximum shear stress was obtained at a 
horizontal displacement of less than 0.4 in. (10 mm). However, for tests 
with Keuper Marl, a horizontal displacement of up to 1.2 in. (30 mm) was 
required to achieve maximum shear stress. 
Wide Width Tensile Test. 	These tests were carried out at the University of 
Strathclyde where specialist apparatus was available (B-15). All tests were 
conducted at a standard test temperature of 68 °F (20°C) and were continued 
until rupture occurred. A standard shearing rate of 2 percent per minute 
was used for the geogrid but for the stiff geotextile, because of the 
requirement of a much higher failure load, the use of a faster rate of 7.5 
percent per minute was necessary. The results of the tests for both 
materials are shown in Fig. B-9. 
Creep Test. 	Background and details of the test was reported by Murray and 
McGown (B-16). All creep tests were carried out in isolation with no 
confining media. For each geosynthetic material, up to five separate tests, 
each with a different sustained load, were performed. For the geogrid, the 
maximum sustained load corresponded to 60 percent of the tensile strength of 
the material. All tests were carried out at 68 °F (20 °C) and, in most cases, 
lasted for 1000 hours. The results of the two sets of tests during the 
first 10 hours are shown in Fig. B-10. 
Tests on Asphaltic Materials  
Marshall Tests. 	One series of Marshall tests (ASTM D1559) was carried out 
for the design of the asphaltic concrete mix. The result of the test is 
summarized in Fig. B-11. The aggregate used in the design mix had a maximum 
particle size of 0.5 in. (12 mm) with grading as shown in Fig. B-12. A 
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Figure B-10. Results of creep tests at various sustained loads 
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Figure 3-1LSurrmary of Hot-mix design data by the Marshall method. 


















































as shown in Fig. B-12 with 8 percent of 100 Pen binder was used. For 
comparison purposes, six Marshall samples, made out of the HRA used in the 
first series were tested. The average test results of the six samples are 
shown in Table B-4. Also shown in the table are the test results obtained 
from an asphaltic concrete sample with a binder content of 6.5 percent, a 
specification which was used for the last three series of tests. 
Viscosity Test. 	Two viscosity tests were carried out by the Georgia 
Department of Transportation on the 50 Pen binder used for the asphaltic 
concrete mix. The viscosity at 140°F (60°C) was found to be about 4600 
poises. 






Binder Content 8 6.5 
(% by weight) 
Mix Density (pcf) 144 152 
Air Void (%) 6 2.5 




Flow (1/100 in.) 16.5 18 
Conversion : 1 pcf = 16.02 kg/m3 
1 lbf = .00445 kN 
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APPENDIX C 
PRELIMINARY EXPERIMENTAL PLAN FOR FULL-SCALE 
FIELD TEST SECTIONS 
APPENDIX C 
PRELIMINARY EXPERIMENTAL PLAN FOR FULL-SCALE FIELD TEST SECTIONS 
INTRODUCTION 
An experimental plan is presented for evaluating in the field the 
improvement in pavement performance that can be achieved from the more 
promising techniques identified during the NCHRP 10-33 project. The methods 
of improvement selected are as follows: 
1. Prerutting the unstabilized aggregate base without 
reinforcement. 
2. Geogrid Reinforcement of the unstabilized aggregate 
base. 
Prestressing was also found to give similar reductions in permanent 
deformations of the base and subgrade as prerutting. Because of the high 
cost of prestressing, however, a prestressed test section was not directly 
included in the proposed experiment. If desired, a prestressed section 
could be readily added to the test program as pointed out in the discussion. 
Also, the inclusion of a non-woven geosynthetic reinforced section would be 
a possibility if sufficient funds and space are available to compare its 
performance with the geogrid reinforcement proposed. 
TEST SECTIONS 
The layout of the ten test sections proposed for the experiment are 
shown in Figure C-1. The experiment is divided into two parts involving (1) 
five test sections constructed using a high quality aggregate base, and (2) 
five test sections constructed using a low quality aggregate base 
susceptible to rutting. A control section is included as one of the test 







































































































All test sections, except Section 10, are to be constructed using a 2.5 
in. (64 mm) asphalt concrete surfacing and a 10 in. (250 mm) unstabilized 
aggregate base. Test Section 10 is to have a 4.5 in. (114 mm) thick asphalt 
surfacing and an 8 in. (200 mm) low quality aggregate base. An even 
stronger structural section might be included in the experiment if 
sufficient space and funds are available. 
The test sections should be placed over a soft subgrade having a CBR of 
about 2.5 to 3.0. Extensive vane shear, cone penetrometer or standard 
penetration resistance tests should be conducted within the subgrade at 
close intervals in each wheel track of the test sections. The purpose of 
these tests are to establish the variability of the subgrade between each 
section. 
The test sections should be a minimum of 100 ft. (32 m) in length with 
a short 25 ft. (8 m) transition between each section. The high quality base 
experiment could be placed on one side of the pavement and the low quality 
base experiment on the other to conserve space. 
A careful quality control program should be conducted to insure 
uniform, high quality construction is achieved for each test section. 
Measurements should also be made to establish as-constructed thicknesses of 
each layer of the test sections. A falling weight deflectometer, or similar 
device, should be used to evaluate the as-constructed stiffness of each 
section. The reinforced sections should have similar stiffnesses as the 
control sections. The falling weight tests will serve as an important 
indictor of any variation in strength between test sections. 
High Quality Base Sections. Two prerutted sections and two reinforced 
sections are included in the high quality base experiment. The high quality 
base section study is designed to investigate the best pattern to use for 
*C-4 
prerutting, and also the optimum position for geosynthetic reinforcement. 
Prerutting would be carried out for an aggregate base thickness of about 7 
in. (180 mm). After prerutting, additional aggregate would be added to 
bring the base to final grade, and then densified again by a vibratory 
roller. Prerutting would be accomplished in Test Section 1 by forming two 
wheel ruts in each side of the single lane test section. The ruts would be 
about 12 in. (200-300 mm) apart. A heavy vehicle having single tires on 
each axle should be used. In Section 5, which is also prerutted, a single 
rut should be formed in each side of the lane. In each test section, 
prerutting should be continued until a rut depth of approximately 2 in. (50 
mm) is developed. Optimum depth of prerutting is studied in the low quality 
base experiment; it could also be included in this study. 
Sections 2 and 3 have geogrid reinforcement at the center and bottom of 
the base, respectively. The minimum stiffness of the geogrid should be S g  = 
1500 lbs/in. (1.8 kN/m). If desired, Section 2 could be prestressed. 
Low Quality Base Section. 	This experiment is included in the study to 
establish in the field the improvement in performance that can be obtained 
by either prerutting or reinforcing a low quality base. A good subgrade 
could be used rather than a weak one for this experiment. 
Two prerutted sections are included in the study to allow determining 
the influence of prerut depth on performance. Section 6 should be prerutted 
to a depth of about 2 in. (50 mm), while Section 7 should be prerutted to a 
depth of about 3 to 3.5 in. (75-90 mm). 
In Section 9 a geogrid reinforcement (S g > 1500 lbs/in.; 1.8 kN/m) 
would be placed at the center of the base. Section 10 is included in the 
experiment to verify if improved performance due to prerutting is not 
obtained for heavier pavement sections. 
C-5 
MEASUREMENTS 
The primary indicators of pavement test section performance are surface 
rutting and fatigue cracking. Both of these variables should be carefully 
measured periodically throughout the study. Use of a surface profilometer, 
similar to the one described in Chapter 2, is recommended in addition to the 
manual measurement of rut depth. 
Much valuable information can be gained through a carefully designed 
instrumentation program; this was demonstrated during the experiments 
conducted as a part of this study. An instrumentation program similar to 
the one used in this study is therefore recommended. The instrumentation 
layout for one test sections should be similar to that shown in Figure C-2. 
In general, a duplicate set of instruments is provided to allow for 
instrumentation loss during installation and instrument malfunction. 
The following instrumentation should be used for each test section. 
Bison type strain coils should be employed to measure both permanent and 
resilient deformations in each layer (Figure C-2). At least one pair, and 
preferably two, of strain coils should be placed in the bottom of the 
aggregate base to measure lateral tensile strain. Two pressure cells should 
be used to measure vertical stress on top of the subgrade. Although quite 
desirable, the two vertical oriented pressure cells in the base shown in 
Figure C-2 could be omitted for reasons of economy. In addition to using 
strain coils, wire resistance strain gages should also be used to directly 
measure strain in the geogrid reinforcement. 
Tensile strain in the bottom of the asphalt concrete should be measured 
using embedment type wire resistance strain gages. The embedment gages 
should be oriented perpendicular to the direction of the traffic. 
Embedment Strain 
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Figure C-2. Preliminary Instrument Plan for Each Test Section. 
Thermocouples for measuring temperature should be placed in each 
section, and measurements made each time readings are taken. Placement of 
moisture gages in the subgrade would also be desirable. 
MATERIAL PROPERTIES 
The following laboratory material properties should be evaluated as a 
part of the materials evaluation program: 
1. Mix design characteristics of the asphalt concrete 
surfacing. 
2. Resilient and permanent deformation characteristics of 
the low and high quality aggregate base and subgrade. 
3. Shear strength and water content of the subgrade beneath 
each test sections. 
4. Stress-strain and strength of the geogrid reinforcement 
as determined by a wide width tension test. 
5. Friction characteristics of the geogrid reinforcement as 
determined by a direct shear test. 
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Field Tests - Thick Bituminous Surfacing  
Full-scale experiments conducted by Ruddock, Potter and McAvoy [B-1,B-
2] included two sections having a 6.3 in. (160 mm) thick bituminous 
surfacing and a 12 in. (300 mm) thick crushed granite base. One of these 
sections had a woven multi-filament polyester geotextile reinforcement in 
the bottom of the granular base. The woven geotextile had a strength of 
about 474 lb./in. (83 kN/m) in each direction, and an elongation at failure 
of 14.8 percent. The geotextile used was stiff (Sg @ 5 percent = 3400 
lbs/in., 600 kN/m) and had an elastic modulus of about 72,000 lbs/in. 2 (500 
kN/m2 ). The geosynthetic stiffness S g  is defined as the force applied per 
unit width of geosynthetic divided by the resulting strain. 
The sections were constructed on a London clay subgrade having a CBR 
increasing with depth from about 0.7 percent at the top to 3.5 percent at a 
depth of 11.8 in. (300 mm). Loading was applied by a two-axle truck having 
dual rear wheels. A rear axle load of 21.9 kips (97.5 kN) was applied for 
4600 repetitions, with the axle loading being increased to 30 kips (133 kN) 
for an additional 7700 passes. 
Measurements made included surface deformations, transient stress and 
strain in the subgrade, permanent strain in the geotextile, and transient 
tensile strain in the bottom of the bituminous layer. For the conditions of 
the test which included a 6.3 in.(160 mm) bituminous surfacing, no 
difference in structural performance was observed between the geotexile 
reinforced sections and the control section. Ruddock et al. found that 
resilient vertical subgrade stresses and strains were not significantly 
B-2 
changed by fabric inclusions, although transverse resilient strains were 
somewhat reduced. To demonstrate if some improvement in permanent 
deformation could be achieved due to reinforcement, the pavement should have 
been loaded sufficiently to cause rutting to develop. Because of the use of 
a thick bituminous surfacing, however, it is doubtful that the conclusions 
reached would have been significantly changed. 
Field Tests - Geogrid and Heavy Loading  
Recently, Barker [B-3] has studied the performance of a pavement having 
an open-graded, unstabilized aggregate base reinforced by a stiff to very 
stiff geogrid. The geogrid was placed at the center of the aggregate base. 
The test sections consisted of a 3 in. (75 mm) asphalt surfacing overlying a 
6 in. (150 mm) thick, very open-graded base consisting of No. 57 crushed 
limestone. A 6 in. (150 mm) cement stabilized clay-gravel subbase was 
constructed to provide a strong working platform for the open-graded base. 
The subgrade was a sandy silt having a CBR of 27 percent. 
The granular base, even after compaction, was loose and unstable to 
most traffic [B-3]. An unstable base of this type would appear to be a good 
candidate for reinforcing with a stiff geogrid. The geogrid used had a 
secant stiffness at 5 percent strain of about 4,000 lbs./in. (700 kN/m). 
The pavement was subjected to 1,000 repetitions of a heavy moving 
aircraft load. The 27-kip (120 kN) load applied to the pavement consisted 
of a single tire inflated to 265 psi (1.8 MN/m 2 ). The pavement was 
trafficked over a 60 in. (1.5 m) width. Falling Weight Deflectometer (FWD) 
tests showed the stiff to very stiff reinforcement did not affect the 
measured deflection basins throughout the experiment. This finding 
indicates similar stiffnesses and effective layer moduli for the reinforced 
and unreinforced sections. The general condition of the two pavements 
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appeared similar after 1,000 load repetitions. Maximum observed rutting of 
the reinforced section was about 8 percent less than the unreinforced 
section at a rut depth of 1 in. (25 mm), and about 21 percent less at a rut 
depth of 2 in. (50 mm) as shown in Figure B-1. Subsequent trench studies 
indicated that most of the permanent deformation occurred in the subgrade 
and not the base. 
The non-conventional pavement section studied at WES had a very open-
graded granular base, a cement stabilized supporting layer and was subjected 
to a very high wheel load and tire pressure. The reinforcement was placed 
in the middle of the granular base. These factors greatly complicate 
translating the test results to conventional pavements. For this well 
constructed pavement, important reductions in permanent deformation occurred 
due to reinforcement only after the development of relatively large 
deformations. The reinforcement was placed at the center of the aggregate 
base to improve its performance. Rutting, however, primarily occurred in 
the subgrade. Better performance might have been obtained had the 
reinforcement been placed at the bottom of the base. 
Steel Mesh Reinforcement  
A hexagonal wire netting of steel was placed at the interface between a 
crushed rubble aggregate base and the asphalt surfacing in a large scale 
test track experiment described by van Grup and van Hulst [B-4]. The 
asphalt surfacing was 2.4 in. (60 mm) thick, and the aggregate base varied 
in thickness from 8 to 16 in. (200-400 mm). The subgrade consisted of a 
compacted, coarse sand. A summary of the test conditions is given in Table 
8-1, and the rutting which developed as a function of load repetitions is 
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Figure B-1. Maximum Surface Deformation as a Function of Traffic 
(After Barker, Ref. B-3). 
Table B-1 
Summary of Permanent Deformation in Full-Scale 
Pavement Sections on a Compacted Sand Subgrade 
LAYER 
LAYER THICKNESSES AND PERMANENT 
DEFORMATION OF SECTIONS (in.) 
1 2 3 4 5 6 
Dense Asphaltic Concrete 2.4 2.4 2.4 2.4 2.4 2.4 
Steel Mesh Reinf./ @ 
Top of Base 
NO NO NO NO YES YES 
Crushed Rubble 0 7.9 11.8 15.7 11.8 0 
Sand 47.2 39.3 35.4 31.5 47.2 35.4 
Clayey Sand - - - - - - 
	 ----------- - 	 . 
Permanent Surface 
Deformation (in.) 1.3 0.55 0.44 0.55 0.49 0.98 
@ 140,000 Reps. 
A 
Note: 1. The steel mesh reinforcement was placed at the aggregate 
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Figure B-2. Comparison of Strain at Bottom of Asphalt Surfacing With 
and Without Mesh Reinforcement (After Van Grup and Van 
Hulst, Ref. B-4). 
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Reinforcement of a weak section, which did not have an aggregate base, 
resulted in a 40 percent reduction in rutting at about 0.5 in (12 mm) rut 
depth. Reinforcement made little difference in rutting performance for the 
stronger sections having rubble aggregate bases. A reduction in tensile 
strain of about 18 percent was, however, observed in the bottom of the 
asphalt surfacing. This large level of reduction in strain, if maintained, 
would have a very significant beneficial effect on fatigue performance. 
Large-Scale Laboratory Tests - Low Stiffness, Nonwoven Geotextiles  
Brown, et al. [B-5] investigated the effect of the placement of a 
nonwoven geotextile within and at the bottom of the aggregate base of 
bituminous surfaced pavements. Seven different reinforced sections were 
studied; for each condition a similar control section was also tested 
without reinforcement. A moving wheel load was used having a magnitude of 
up to 3.4 kip (15 kN). The bituminous surfacing of the seven test sections 
varied in thickness from 1.5 to 2.1 in. (37-53 mm). The crushed limestone 
base was varied in thickness from 4.2 to 6.9 in. (107-175 mm). The 
pavements rested on a silty clay subgrade having a CBR that was varied from 
2 to 8 percent. 
Two very low to low stiffness, nonwoven, melt bonded geotextiles were 
used in the study. These geotextiles had a secant stiffness at one percent 
strain of about 1270 lbs./in. (220 kN/m) and 445 lbs/in. (78 kN/m). 
The inclusion of the nonwoven geotextiles in the aggregate base in most 
tests appeared to cause a small increase in rutting (Figure B-3a), and no 
increase in effective elastic stiffness of the granular layer. Both 
vertical and lateral resilient and permanent strains were also found to be 
greater in the base and subgrade of all of the reinforced sections (Figure 
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(b) Lateral Strains 
Figure B-3. Surface Deformation and Lateral Strain Measured in 
Nottingham Test Facility (After Brown, et al., 
Ref. B-5). 
layer and using geotextiles strengthened by stitching. Two layers of 
reinforcement were also employed in some tests. 
The poor performance of the reinforced sections was attributed to a 
lack of adequate aggregate interlock between the base and the geotextiles. 
In the light of more recent findings, the relatively low geosynthetic 
stiffness probably also helps to explain the results. Maximum surface 
rutting was less than about 1 in. (25 mm), which resulted in relatively 
small strains in the geosynthetic. Finally, several factors suggest 
compaction of the aggregate above the geosynthetic may not have been as 
effective when the geotextile was present. 
Large-Scale Laboratory Tests Using Stiff Geogrids  
Penner, et al. [B-6] studied the behavior of geogrid reinforced 
granular bases in the laboratory using a shallow plywood box 3 ft. (0.9 m) 
deep. The secant stiffness, Sg of the geogrid at 5 percent strain was about 
1780 lb/in. (312 kN/m). A stationary, 9 kip (40 kN) cyclic load was applied 
through a 12 in. (300 mm) diameter plate. The asphalt surface thickness was 
either 3 or 4 in. (75 or 100 mm). 
The aggregate base was well-graded and was varied in thickness from 4 
to 12 in. (100-300 mm). The base had a reported insitu CBR value of 18 
percent but laboratory CBR testing indicated a value of 100 percent or more. 
The subgrade was a fine beach sand having a CBR of typically 4 to 8 percent 
before the tests. After testing, the CBR of Loop 3 was found to have 
increased by a factor of at least 2. An increase in CBR might also have 
occurred in other sections, although the researchers assumed for analyzing 
test results an increase did not occur. In one series of tests, peat was 
mixed with the fine sand at a high water content to give a very weak 
subgrade having an initial CBR of only 0.8 to 1.2 percent. 
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Placement of the geogrid within the granular base was found to result 
in a significant reduction in pavement deformation when placed in the middle 
or near the bottom of the base. Little improvement was observed when the 
reinforcement was located at the top of the base. 
For one section having an 8 in. (200 mm) granular base and 3 in. (75 
mm) asphalt surfacing, sections having geogrid reinforcement at the bottom 
and mid-height exhibited only about 32 percent of the 0.6 in. (15 mm) 
deformation observed in the unreinforced section. Important improvements in 
performance were found in this test for deformations of the reinforced 
section as small as 0.2 in. (5 mm). In contrast with the above findings, 
use of geogrid reinforcement in under-designed sections on weak subgrades 
showed no apparent improvement until permanent deformations became greater 
than about 1 in. (25 mm). 
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REINFORCED PAVEMENT RESPONSE 
The GAPPS7 finite element model has been described in detail elsewhere 
[C-1]. Therefore, the capabilities of this comprehensive program are only 
briefly summarized in this section. The GAPPS7 program models a general 
layered continuum reinforced with a geosynthetic and subjected to single or 
multiple load applications. 
Important features of the GAPPS7 program include: 
1. A two dimensional flexible fabric membrane element which can not 
take either bending or compression loading. 
2. The ability to model materials exhibiting stress dependent 
behavior including elastic, plastic and failure response. 
3. Modeling of the fabric interfaces including provisions to detect 
slip or separation. 
4. The ability to consider either small or large displacements which 
might, for example, occur under multiple wheel loadings in a haul 
road. 
5. A no-tension analysis that can be used for granular materials, and 
6. Provision for solving either plane strain or axisymmetric 
problems. 
The GAPPS7 program does not consider either inertia forces or creep, 
and repetitive loadings, when used, are applied at a stationary position 
(i.e. the load does not move across the continuum). Material properties 
can, however, be changed for each loading cycle to allow considering time 
and/or load dependent changes in properties to be considered. Only 
axisymmetric, small displacement analyses were performed for this study 
using a single loading. 
GAPPS7 consists of a main program and twelve subroutines. The main 
program handles the input, performs the needed initializations, and calls 
the appropriate subroutines. The twelve subroutines perform the actual 
computations. An automatic finite element mesh generation program MESHG4 is 
used to make the GAPPS7 program practical for routine use. In addition to 
handling material properties, MESHG4 completely generates the finite element 
mesh from a minimum of input data. A plotting program called PTMESH can be 
used to check the generated mesh and assist in interpreting the large 
quantity of data resulting from the application of the program. These 
supplementary programs greatly facilitate performing finite element analyses 
and checking for errors in the data. 
Resilient Properties  
Three different models can be utilized in the GAPPS7 program to 
represent the stress dependent elastic properties of the layers. The stress 
dependent resilient modulus Er of the subgrade is frequently given for 
cohesive soils as a bi-linear function of the deviator stress a1-a3 as shown 
in Figure C-1. For this model the resilient modulus is usually considered 
to very rapidly decrease linearly as the deviator stress increases a small 
amount above zero. After a small threshold stress is exceeded, the 
resilient modulus stops decreasing and may even very slightly increase in a 
linear manner. When a nonlinear model was used the subgrade was 
characterized following this approach. 
The most commonly used nonlinear model for the resilient modulus of 
cohesionless granular base materials is often referred to as the k-O model 
(Figure C-lb) which is represented as 
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Figure C-1. Resilient Modulus Relationships Typically Used for 
a Cohesive Subgrade and Aggregate Base. 
Er = K creN 	 (C-1) 
where Er = resilient modulus of elasticity, sometimes called M r , 
determined from laboratory testing 
k and 6 = material constants determined from laboratory 
testing 
u 8  = sum of principle stresses, 01 + 0
2 + 03 
In recent years several improved models, often referred to as contour 
models, have been developed by Brown and his co-workers [C-3,C-4] to more 
accurately characterize granular base materials. The contour model as 
simplified for routine use by Mayhew [C-5] and Jouve, et al. [C-6] was 
employed in this study. Following their approach the bulk modulus (K) and 
shear modulus (G) of the base can be calculated from the simplified 
relations 
(C-2) 
G = G1 p (1-m) (C-3) 
where: K = bulk modulus 
G = shear modulus 
p = average principal stress, (01 + 02 + 03)/3 
q = shear stress 
K1,G1,n,m = material properties evaluated in the laboratory 
from special cyclic loading stress path tests 
The model described by Equations (C-2) and (C-3) is referred to throughout 
this study as the simplified contour model. 
For a general state of stress, the deviator stress q can be defined as 





J2 = (01 - 02 )2 4- (02 - 03 )2 -I- (03 - u l ) 
 2 
K = v1 
P  -(1-n) {1 + T p (2 ) 21. L1/4 
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Laboratory tests by Jouve et al. [C-6] have shown that the material 
constants n and m are approximately related to G 1 as follows: 




m = 0.028 G0.31
1 
	 (c- 6) 
The bulk modulus (K) as given by equation (C-2) is always greater than zero 
which neglects the dilation phenomenon which can cause computational 
difficulties. All three of the above nonlinear models for representing 
resilient moduli were employed in the present study and their use will be 
discussed subsequently. 
MODEL VERIFICATION - PREDICTED PAVEMENT RESPONSE 
Little work has been carried out to verify the ability of theoretical 
models to accurately predict at the same time a large number of measured 
stress, strain and deflection response variables. To be able to reliably 
predict the tensile strain in an unstabilized granular base is quite 
important in a study involving granular base reinforcement. An accurate 
prediction of tensile strain is required since the level of tensile strain 
developed in the base determines to a large extent the force developed in 
the geosynthetic and hence its effectiveness. The importance of the role 
which tensile strain developed in the reinforcing layer plays became very 
apparent as the analytical study progressed. 
The presence of a tensile reinforcement and relatively thick granular 
layers which have different properties in tension compared to compression 
greatly complicate the problem of accurately predicting strain in the 
aggregate layer. Partway through this study it became apparent that the 
usual assumption of material isotropy, and the usually used subgrade and 
base properties, including the k-131 type model, were in general not 
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indicating the level of improvement due to reinforcement observed in the 
weak section used in the first laboratory test series. Therefore, a 
supplementary investigation was undertaken to develop modified models that 
could more accurately predict the tensile strain and hence the response of 
geosynthetic reinforced pavements. 
Two independent comparison studies were performed to both verify the 
analytical model selected for use and to assist in developing appropriate 
material parameters. The first study involved theoretically predicting the 
response, including tensile strain in the aggregate base, of a high quality, 
well instrumented test section without geosynthetic reinforcement tested 
previously by Barksdale and Todres [C-7,C-8]. The second study used the 
extensive measured response data collected from Test Series 3 of the large 
scale laboratory pavement tests conducted as a part of the present study. 
Unreinforced, High Quality Aggregate Base Pavement  
As a part of an earlier comprehensive investigation to evaluate 
aggregate bases, several pavement sections having a 3.5 in. (90 mm) asphalt 
surfacing and an 8 in. (200 mm) thick granular base were cyclically loaded 
to failure [C-7,C-8]. High quality materials were used including the 
asphalt and the crushed stone base which was compacted to 100 percent of 
AASHTO T-180 density. 
These sections were placed on a micaceous silty sand subgrade compacted 
to 98 percent of AASHTO T-99 density at a water content 1.9 percent above 
optimum. A total of about 2.4 million applications of a 6.5 kip (29 kN) 
uniform, circular loading were applied at a primary and six secondary 
positions. 
In the verification study a number of models were tried including the 
nonlinear finite element k-13 and contour models. The simplified, nonlinear 
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contour model and a linear elastic, cross anisotropic model were selected as 
having the most promise. A manual trial and error procedure was used to 
select material properties that gave the best overall fit to all of the 
measured response quantities. 
A cross-anisotropic representation has different elastic material 
properties in the horizontal and vertical directions. The usually used 
isotropic model has the same material properties such as stiffness in all 
directions. A homogeneous material has the same properties at every point 
in the layer. 
A comparison of the observed and measured pavement response variables 
for each model is given in Table C-1. These results indicate that a cross 
anisotropic model is at least equal to, and perhaps better than the 
simplified contour model for predicting general pavement response. The 
cross-anisotropic model using an isotropic, homogeneous subgrade was able to 
predict measured variables to within about ± 20 percent; the one exception 
was the tensile strain in the bottom of the base which was about 30 percent 
too low. At the time this comparison was made a homogeneous, isotropic 
subgrade resilient modulus was used. 
Later, after the sensitivity study was under way, it was discovered 
that the tensile strain in the base greatly increased if the subgrade 
modulus increases with depth. The cross-anisotropic material properties 
employed in the sensitivity study are summarized in Table C-2. They are 
similar to those used for the homogeneous subgrade comparison in Table C-1. 
Thus the important finding was made that the resilient modulus of the 
subgrade near the surface had to be quite low as indicated by the very large 
measured vertical strains on the subgrade. Since the total measured surface 
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= average resilient modulus of elasticity of 
subgrade; Eb = resilient modulus of base as 
shown in Table C-1. 
2. Modular ratio Eb (avg)/E = 4.75 where E =8000 psi 
and Els (avg) = 35,200 psis the numerical average of 
the three vertical resilient moduli of base= 38,000 psi. 
quite high. Therefore, the stiffness of the silty sand subgrade underwent a 
significant increase with depth, probably much larger than generally 
believed at the present time. The significant decrease in strain and 
increase in confinement with depth probably account for most of this 
observed increase in stiffness with depth IC-10]. The better agreement with 
measured pavement response when using a subgrade resilient modulus that 
rapidly increases with depth is shown in Table C-1. 
The isotropic, nonlinear finite element method could not predict at the 
same time large tensile strain in the bottom of the aggregate base and the 
small observed vertical strains in the bottom and upper part of that layer. 
This important difference in measured strain is readily explained if the 
actual stiffness of the aggregate base is considerably greater in the 
vertical than the horizontal directions. The cross-anisotropic model gave a 
much better estimate of the vertical stress on the subgrade and the vertical 
surface deflection than did the nonlinear model. 
Response of Geosynthetic Reinforced Sections  
A total of 12 well-instrumented laboratory test sections were tested as 
a part of this study. These comprehensive experiments, which included the 
measurement of tensile strain in the aggregate base and also in the 
geosynthetic, are described in detail in the last section of this chapter. 
The measured pavement response obtained from the three sections included in 
Test Series 3 of these laboratory tests provide an excellent opportunity to 
verify the theory. A cross-anisotropic model was used to predict the 
response of the two geotextile reinforced sections and the non-reinforced 
control section included in the study. These test sections had an average 
asphalt surface thickness of about 1.2 in. (30 mm), and a crushed stone base 
thickness of about 8.2 in (208 mm). The wheel loading was 1.5 kips (6.7 kN) 
C-11 
at a tire pressure of 80 psi (0.6 MN/m2 ). A soft clay subgrade (CL) was 
used having an average inplace CBR before trafficking of about 2.8 percent. 
The comparison between the anisotropic model using the best fit 
material properties and the measured response is shown in Table C-3 for each 
section. These sections were constructed over a subgrade having a very low 
average resilient modulus that was back-calculated to be about 2000 psi (15 
MN/m2 ). Once again, based on the measured strains, the conclusion was 
reached that the resilient modulus of subgrade was quite low near the 
surface but rapidly increased with depth. Overall, the theory predicted 
observed response reasonably well. The strain in the geosynthetic was over 
predicted by about 33 percent when the geosynthetic was located in the 
bottom of base. It was under predicted by about 14 percent when located in 
the middle of the layer. Of considerable interest is the fact that the 
largest calculated geosynthetic stress was about 10 lbs/in (17 N/m), only 
strain was measured in the geosynthetic. The vertical stress on the top of 
the subgrade was about 50 percent too small. As a result, the computed 
vertical strain at the top of the subgrade was too small by about the same 
amount. Larger radial strains were measured in the bottom of the aggregate 
base than calculated by about 50 percent. 
In summary, these pavement sections, as originally planned, were quite 
weak and exhibited very large resilient deflections, strains and stresses. 
The postulation is presented that, under repetitive loading, perhaps due to 
a build up of pore pressures, the subgrade used in Test Series 3 probably 
performed like one having a CBR less than the measured value of 2.7 to 2.9 
percent. The cross anisotropic model was less satisfactory in predicting 
the pavement response of the weak Test Series 3 sections compared to the 
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70,000 load repetitions with permanent deflections of 1.5 to 2 in. (38-50 
mm) as compared to about 2.4 million heavier load repetitions for the 
stronger sections on a better subgrade used in the first comparison. A 
reasonably strong section would in general be more commonly used in the 
field. Nevertheless, the calculated relative changes in observed response 
between the three sections did appear to indicate correct trends. This 
finding suggests relative comparisons should be reasonably good, and 
indicate correct relative trends of performance. Undoubtedly the analytical 
studies are susceptible to greater errors as the strength of the pavement 
sections decrease toward the level of those used in the laboratory studies 
involving the very weak subgrade. 
MODEL PROPERTIES USED IN SENSITIVITY STUDY 
The cross-anisotropic model was selected as the primary approach used 
in the sensitivity studies to investigate potential beneficial effects of 
geosynthetic reinforcement. The nonlinear, simplified contour model was 
also employed as the secondary method for general comparison purposes and to 
extend the analytical results to include slack in the geosynthetic and slip 
between the geosynthetic and the base and subgrade. 
The measured strain in the bottom of the aggregate base in the test 
section study that withstood 2.4 million load repetitions (Table C-1) was 
about 1.6 times the value calculated using the cross-anisotropic base model. 
The subgrade used was isotropic and homogeneous. In an actual pavement the 
development of larger tensile strains in the granular base than predicted by 
theory would result in the reinforcing element developing a greater force 
and hence being more effective than indicated by the theory. To 
approximately account for this difference in strain, the stiffness of the 
geosynthetics actually used in the analytical sensitivity studies was 1.5 
times the value reported. 
Tensile strains in the aggregate base and geosynthetic can be 
calculated directly by assuming a subgrade stiffness that increases with 
depth. Unfortunately, this important finding was not made until the 
sensitivity study was almost complete. A supplementary analytical study 
using a higher geosynthetic stiffness with a homogeneous subgrade gave 
comparable results to a model having a subgrade stiffness increasing with 
depth. 
Using the above engineering approximation, actual geosynthetic 
stiffnesses, Sg = 1500, 6000 and 9000 lbs/in. (260, 1000, 1600 kN/m) were 
used in the theoretical analyses. Therefore, the corresponding stiffnesses 
reported as those of the sections would, using the 1.5 scaling factor, be 
1000, 4000 and 6000 lbs/in (170, 700, 1000 kN/m). Because of the small 
stresses and strains developed within the geosynthetics, they remain well 
within their linear range. Hence nonlinear geosynthetic material properties 
are not required for the present study. 
Cross-Anisotropic Model Material Properties. The relative values of cross-
anisotropic elastic moduli and Poisson's ratios of the aggregate base used 
in the study are summarized in Table C-4. The resilient modulus of the 
asphalt surfacing used in the sensitivity study was 250,000 psi (1700 
MN/m2 ). The corresponding Poisson's ratio was 0.35. The resilient moduli 
of the subgrade included in the sensitivity analyses were 2000, 3500, 6000 
and 12,500 psi (14, 24, 41, 86 MN/m 2 ). 
The ratio of the resilient modulus of the base to that of the subgrade 
has a significant influence on the tensile strain developed in the base for 
a given value of subgrade resilient modulus. In turn, the level of tensile 
C-15 
Table C-4 
Aggregate Base Properties Used in 








Top 1.375E 0.925E 0.43 0.15 
Middle 1.0E 0.138E 0.43 0.15 
Bottom 0.825E 0.0458E 0.45 0.10 
Table C-5 
Nonlinear Material Properties Used in Sensitivity Study 
1. Asphalt Surfacing: 	Isotropic, Er * 250,000 psi. v.0.35 




Kl G1 'I' 
Very Coed Crushed Stone Base 
Upper 2/3 14,100 1 7.950 0.14 
Lower 1/3 5,640 3.180 0.14 
Poor Quality Gravel/Stone Base 
Upper 2/3 3,300 4,050 0.12 
Lower 1/3 1,320 1,620 0.12 
3. Subgrade: Typical Subgrade E s (psi) given below (see Fig. C-1)( 1) 
Point Resilient Moduli 
. 
03 (psi) 
Top Middle Bottom 
1 1300 16,000 16,000 0 
2 750 4,000 4,000 1.5 
3 800 4,300 4,300 30.0 
. . 
1. Average Subgrade E s • 6,000 psi (isotropic) 
2. - 0.4 
C-16 
strain in the aggregate base determines to a great extent the force 
developed in the geosynthetic. Since the force in the geosynthetic 
significantly influences the improvement in behavior of the reinforced 
pavement system, using a modular ratio comparable to that actually developed 
in the field is very important. 
For this study the cross-anisotropic modular ratio was defined as the 
vertical resilient modulus of the center of the base divided by the uniform 
(or average) resilient modulus of the subgrade. For the primary sensitivity 
study the modular ratio used was 2.5. This was approximately the value 
back calculated from the measured response of the test pavement on the very 
soft subgrade having an average resilient modulus of about 2000 psi (14 
MN/m2 ) as shown in Table C-3. Supplementary sensitivity studies were also 
carried out using modular ratios of 1.5 and 4.5. The modular ratio of 4.5 
was about that observed for the full-scale test sections having the better 
subgrade; the average resilient modulus of the subgrade was about 8000 psi 
(55 MN/m2) as shown in Table C-1. 
Nonlinear Properties  
The material properties used in the nonlinear finite element analyses 
were developed by modifying typical nonlinear properties evaluated in the 
past from laboratory studies using the measured response of the two test 
pavement studies previously described. The resilient properties of the 
asphalt surfacing were the same as used in the cross-anisotropic model. 
Both studies comparing predicted and measured pavement response 
indicate the base performs as a cross anisotropic material. For example, 
the small vertical strain and large lateral tensile strain in the aggregate 
base could only be obtained using the cross anisotropic model. The 
nonlinear options in the GAPPS7 program, however, only permit the use of 
C-17 
isotropic properties. Therefore, some compromises were made in selecting 
the simplified contour model resilient properties of the aggregate base. 
The radial tensile strain in the bottom of the granular base could be 
increased by 
1. Decreasing the resilient modulus of the top of the subgrade. 
However, if the resilient modulus of the entire subgrade was 
reduced calculated surface deflections were too large. 
2. Decreasing the resilient modulus of the lower part of the base. 
Reducing this resilient modulus caused the calculated vertical 
strain in the layer to be much greater than observed. 
The compromise selected gave weight to increasing the radial tensile strain 
in the granular base as much as practical. 
The nonlinear material properties used in the upper two-thirds of the 
aggregate base are essentially the best and worst of the material properties 
given by Jouve et al. [C-6] multiplied by 1.5. Increasing the stiffness by 
1.5 gave better values of vertical strain in the base. The resilient 
properties used in the lower third of the base were obtained by multiplying 
the properties used in the upper portion by 0.4. The nonlinear material 
properties employed in the simplified contour model are given in Table C-5. 
The nonlinear subgrade material properties used in the study are also 
summarized in Table C-5. The subgrade properties, as well as the aggregate 
base properties, were developed from the trial and error procedure used to 
match the measured response variables with those calculated. 
A considerable amount of effort was required to develop the reasonably 
good comparisons with measured responses shown in Table C-1 and C-3 for both 
the cross-anisotropic and nonlinear models. A better match of calculated 
and measured response could probably be developed by further refinement of 
the process. For this sensitivity study, only the relative response is 
required of pavements with and without geosynthetic reinforcement. For such 
relative comparisons the material properties developed are considered to be 
sufficiently accurate. 
Estimation of Permanent Deformation 
The presence of the geosynthetic in the granular base was found to 
cause small changes in vertical stresses and somewhat larger changes in 
lateral stresses (at least percentage-wise) within the granular layer and 
the upper portion of the subgrade. During the numerous preliminary 
nonlinear computer runs that were performed early in this study, it was 
found that the GAPPS7 program in its present form is not suitable for 
predicting the effects on rutting due to the relatively small changes in 
lateral stress. Therefore the layer strain method proposed by Barksdale C-
9] was selected as an appropriate alternate technique for estimating the 
relative effect on rutting of using different stiffnesses and locations of 
reinforcement within the aggregate layer. 
In summary, the layer strain method consists of dividing the base and 
upper part of the subgrade into reasonably thin sublayers as illustrated in 
Figure C-2. The complete stress state on the representative element within 
each sublayer beneath the center of loading is then calculated using either 
the cross-anisotropic or the nonlinear pavement model. Residual compaction 
stresses must be included in estimating the total stress state on the 
element. The representative element is located beneath the center of the 
loading where the stresses are greatest. For this location, the principal 
stresses of and 03 are orientated vertically and horizontally, respectively. 

















SUBLAYER •• • • • p • • 1 
• • 
: • 2 	• 
















Figure C-2. Idealization of Layered Pavement Structure for Calculating 
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Figure C-3. Comparison of Measured and Computed Permanent Deformation 
Response of a High Quality Crushed Stone Base: 100,000 
Load Repetitions. 
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The vertical permanent strain, e, is then calculated in each element 
knowing an accurate relationship between the permanent strain Ep and the 
existing stress state acting on the element. Total permanent deformation 
(rutting) is calculated for each sublayer by multiplying the permanent 
strain within each representative element by the corresponding sublayer 
thickness. The sum of the permanent deformations in each sublayer gives an 
estimation of the level of rutting within the layers analyzed. 
Placement of even a stiff geosynthetic within the aggregate base causes 
only small changes in confining pressure on the soil and also small vertical 
stress changes. To predict accurately the effects of these small changes in 
stress on rutting, the permanent strain must be expressed as a continuous 
function of the deviator stress (q) and confining stress 03: 
c = f(q ,03) 	 (C-7) 
where: 
E = vertical permanent strain which the element would undergo when 
subjected to the stress state 03 and 0 1 - 03 
al = major principal stress acting vertically on the specimen below the 
center of the load 
a3 = lateral confining pressure acting on the specimen below the center 
of the load 
q = deviator stress, 01 - 03 
Although the changes in confining stress are relatively small, these 
changes, when the element is highly stressed, can greatly reduce permanent 
deformations under certain conditions. 
The hyperbolic permanent strain model proposed by Barksdale [C-9] for 
permanent deformation estimation gives the required sensitivity to changes 
in both confining pressure and deviator stress. The hyperbolic expression 
for the permanent axial strain for a given number of load repetitions is 
C-21 
Ep = ( a l - 03 )/K c3n 
   
(C- 8) 





1 	2(c.cos0 + cr3sin0) 
 
 
1 - sin0 
   
where: 
0 and c = quasi angle of internal friction 0 and cohesion c determined 
from cyclic loading testing 
Rf, k and n = material constants determined from cyclic load testing 
All of the material constants (c, 0, K, n and Rf) used in the expression 
must be determined from at least three stress-permanent strain relationships 
obtained from at least nine cyclic load triaxial tests. Three different 
confining pressures are used in these tests. The resulting stress-permanent 
strain curves are then treated similarly to static stress-strain curves. 
Two different quality crushed stone bases were modeled for use in 
the sensitivity studies [C-9]: (1) an excellent crushed granite gneiss base 
having 3 percent fines and compacted to 100 percent of T-180 density and (2) 
a low quality soil-aggregate base consisting of 40 percent of a nonplastic, 
friable soil and 60 percent crushed stone compacted to 100 percent of T-180 
density. The soil-aggregate blend was about three times more susceptible to 
rutting than the high quality crushed stone base. The silty sand subgrade 
used in the comparative study was compacted to 90 percent of T-99 density. 
The subgrade had a liquid limit of 22 percent and a plasticity index of 6 
percent. 
A comparison of the stress-permanent strain response predicted by the 
hyperbolic relationship given by equation C-8 and the actual measured 
response for the two bases and the subgrade are shown in Figures C-3 through 
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Figure C-4. Comparison of Measured and Computed Permanent Deformation 
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Figure C-5. Comparison of Measured and Computed Permanent Deformation 
Response for a Silty Sand Subgrade: 100,000 Load Repetitions. 
the hyperbolic model agrees quite nicely with the actual material response. 
The material parameters used in the hyperbolic model are given in Figures C-
3 to C-5; Table C-6 summarizes the general material properties of the base 
and subgrade. 
Table C-6 
General Physical Characteristics of Good and Poor Bases 
and Subgrade Soil Used in the Rutting Study (1) 
BASE DESCRIPTION 











99 85 42 25 13 138 5.5 73 45 
6 
Crushed Granite 
Gneiss 100 60 25 9 3 137 
4.2 50 47 
1 
Slightly Clayey 
Silty Sand( 4) 
100 100 100 63 40 115.4 13.0 - 
1. Data from Barksdale [C-9]. 
2. The granite gneiss crushed stone had 0% passing the No. 10 sieve; the soil was a gray, silty fine 
sand ISM; A-2-4(0)I, nonplastic with 73% < No. 40 and 20% < No. 200 sieve. 
3. Degree saturation in percent as tested. 
4. Classification SM-ML and A-4(1); liquid limit 22%, plasticity index b. 
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APPENDIX D 
TEST SECTION MATERIALS, INSTRUMENTATION AND CONSTRUCTION 
APPENDIX D 
TEST SECTION MATERIALS, INSTRUMENTATION AND CONSTRUCTION 
Materials  
All materials were carefully prepared, placed and tested to insure as 
uniform construction as possible. The properties of the pavement materials 
used in construction of the test pavements were thoroughly evaluated in an 
extensive laboratory testing program, described in detail in Appendix E. 
For quality control during construction, some of the readily measurable 
material properties such as density, water content and cone penetration 
resistance were frequently determined during and after the construction of 
the test sections. These quality control tests are fully described 
subsequently. 
Two different asphalt surfacings, aggregate bases and geosynthetic 
reinforcement materials were used in the tests. The same soft silty clay 
subgrade was employed throughout the entire project. A brief description of 
the materials used in the experiments is given in the following subsections. 
Asphalt Surfacing. During the first series of tests, a gap-graded, Hot 
Rolled Asphalt (HRA) mix was used, prepared in accordance with the British 
Standard 594 [D-1]. An asphaltic concrete mix was employed for the 
remaining three series of tests. The asphaltic concrete mix was prepared in 
accordance with the Marshall design results given in Appendix E, Figure E-
ll. The granite aggregate gradation used in each bituminous mix is shown in 
Figure D-1, and the specifications of both mixes are summarized in Table D-
1. 
Aggregate Base. 	To enhance the benefit of a geosynthetic inclusion in the 
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Figure D-2. Gradation Curves for Granular Base Materials. 
Table D-2 
Properties of Geosynthetics Used. 
Geotextile Geogrid 
Polymer Composition Polypropylene Polypropylene 
Weight/ area (oz/yd2) 28.5 5.99 
Tensile Strength (lb/in) 886 119 
Stiffness at 5% 4300 1600 
Strain (lb/in) 
% Open Area 2 - 8 n/a 
Grid Size (in. X in.) n/a 1.22 X 1.56 
3. Transient and permanent lateral strain in the 
geosynthetic, and at the complimentary location in the 
control section. 
4. Transient stress near the top of the subgrade. Beginning 
with the Third Test Series the transient longitudinal 
stress was measured at both the top and bottom of the 
granular layer. 
5. Temperature in each pavement layer. 
In addition to the instrumentation installed within the pavement, a 
profilometer (Figure D-4) consisting of a linear potentiometer mounted on a 
roller carriage, was used to measure the surface profile. 
Pavement Construction  
Subgrade. During the construction of the first series of pavement 
sections, 18 in. (450 mm) of fresh silty clay was placed after the same 
thickness of existing stiff subgrade material was removed. The silty clay 
subgrade (Keuper Marl) was installed as 7 layers of wet bricks. Each layer 
was compacted by using a triple legged pneumatic tamper (Figure D-5) which 
had sufficient energy to destroy the joints in the bricks. The final 
subgrade surface was then leveled with a single legged pneumatic compactor 
(Figure D-6) before the aggregate material was placed over it. The surface 
elevation of the subgrade was established by measuring the distance from a 
reference beam to various locations on the subgrade surface. 
The fresh silty clay subgrade employed in the first series of tests was 
reused for all subsequent tests. However, since the design thickness for 
both the aggregate base and asphalt surfacing was increased after the first 
test series, an additional 2.5 in. (64 mm) of the newly installed silty clay 
was removed before construction of the Second Series pavement sections. 
D-10 
Figure D-5. Triple Legged Pneumatic Figure D-6. Single Legged Pneumatic 
Tamper Used on Subgrade. 	 Compactor Used on Subgrade. 
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Cyclic Load Triaxial Test. 	It has been found (E-5,E-6,E-7) that 
relationships exist between soil suction and elastic stiffness for saturated 
and near saturated clay. Therefore, in order to determine the general 
resilient properties of Keuper Marl, a series of soil suction and cyclic 
load triaxial tests are required. Loach (E-4) carried out some soil suction 
tests on samples of compacted Keuper Marl at their original moisture 
contents using the Rapid Suction. Apparatus developed at the Transport and 
Road Research Laboratory (E-9). The results of his tests are shown in Fig. 
E-2. Loach also carried out repeated load triaxial tests on compacted 3 in. 
(76 mm) diameter cylindrical samples of Keuper Marl. The ranges of cell 
pressure and repeated deviator stress he used during these tests were 0 to 
4.35 psi (0 to 30 kPa) and 0 to 10.15 psi (0 to 70 kPa), respectively. 
Using a similar procedure to that adopted by Loach and with the aid of a 
computer-controlled servo-hydraulic testing system, four additional tests 
were performed on recompacted samples obtained from the pavement test 
sections. The results of these tests generally conformed with those 
obtained by Loach who suggested the following equation to model the elastic 
stiffness of compacted Keuper Marl: 
qr ( u+ap )
B 
Er 
where: u = suction in kPa 
p = cell pressure in kPa 
a = 0.3 (suggested by Croney) 
Er = Elastic Stiffness in kPa 
qr = Repeated deviator stress in kPa 
A = 2740 
B = 2.1 
A 	q
r 
Both A and B are constants derived from experiments. 
For the permanent strain behavior of Keuper Marl, the results obtained 
by Bell (E-3) was found to be the most applicable. Comparison of the index 
properties between Bell's soil and the one used in the current project 
showed them to be similar. The permanent strain tests were carried out at a 
frequency of 4 Hz and with a 2 second rest period. A cell pressure of 0.26 
psi (1.8 kPa) and repeated deviator stresses in the range of 2.2 to 10.2 psi 
(15 to 70 kPa) were used. The increase of permanent axial and radial 
strains with number of cycles for the tests are summarized in Fig. E-3. 
Tests on Granular Base Material  
Laboratory tests performed on the granular materials consisted mainly 
of cyclic load triaxial tests, compaction tests, sieve analyses and other 
index tests. 
Cyclic Load Triaxial Test. 	Details of procedure and equipment for carrying 
out cyclic load triaxial tests on granular material were described by Pappin 
(E-10) and Thom (E-11). Each cyclic load triaxial test was subdivided into: 
1) A resilient strain test where the stress paths were far 
away from failure with the resulting strain essentially 
recovered during unloading and, 
2) A permanent strain test where the stress path was 
considerably closer to the failure condition, hence 
allowing permanent strain to accumulate. 
A total of six tests were carried out on recompacted 6 in. (150 mm) 
diameter samples of the two types of material at various moisture contents. 
The results of earlier testing showed that resilient behavior of a granular 
material under repeated loading was very stress dependent and, therefore, 
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Figure E-3. Permanent Axial and Radial Strain Response of Keuper 
Marl for a Range of Stress Pulse Amplitudes (After 
Bell). 
nonlinear. Hence, each of the six tests used 20 stress paths, as shown in 
Fig. E-4, to characterize resilient strain. The ranges of repeated cell 
pressure and repeated deviator stress used in the tests were 0 to 36 psi (0 
to 250 kPa) and 0 to 29 psi (0 to 200 kPa), respectively. For permanent 
strain tests, a cell pressure of 7.3 psi (50 kPa) and a repeated deviator 
stress of 0 to 29 psi (0 to 200 kPa) were used. Up to 2000 stress cycles at 
a frequency of about 1 hz were applied to the test samples. 
The results of the resilient strain tests were interpreted by means of 
Boyce's model (E-12) which expressed the bulk modulus, K, and the shear 
modulus, G, as a function of both p', the mean normal effective stress, and 
q, the deviator stress. The equations which Boyce used in the 
interpretation of results are as follows: 
G = G1p' (1-n ) 
K = K ip.( 1-n)/{1 - gq/p1)2} 
where 
p' = 1/3 (aa + 20c ) 	q = 1/2(aa  - ac) 
and K1,G1,n and 3 are constants to be determined by experiments. 
Based on the above equations, the results of the resilient tests are 
summarized in Table E-2. 
The results for the permanent strain tests for the two types of 
granular material are shown in Figs. E-5 and E-6. The dry densities of the 
test samples are shown in Table E-2. The results are presented in the form 
of change of permanent axial and radial strains with the number of stress 
cycles. Figure E-5 indicates that the sand and gravel has a rather low 
resistance to permanent deformation. For the dolomitic limestone, Fig. E-6 
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Figure E-4. Stress Paths Used in Cyclic Load Triaxial 
Tests for Granular Materials. 
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Figure E-6. Permanent Axial and Radial Strain Response of Dolomitic 
Limestone During Repeated Load Triaxial Test at Various 
Moisture Contents (w) and Degree of Saturation (Sr). 
moisture content and as the material approaches saturation, very rapid 
increase in the rate of deformation will occur. 
Compaction Tests. 	A series of compaction tests were carried out in order 
to determine the optimum moisture content and maximum dry density of the 
compacted material. For the sand and gravel, the test was carried out 
according to the ASTM D-1557 test method (E-13) while for the dolomitic 
limestone, the British Standard Vibrating Hammer method (E-8) was adopted. 
The results of the tests for the two materials are shown in Fig. E-7. 
Index Tests. 	Two plasticity index tests were carried out for the fines 
(less than 425 micron) of each of the two granular materials. The fines for 
the sand and gravel were found to be non-plastic, while the PI of the fines 
for the dolomitic limestone was found to be 3 percent. One flakiness index 
test BS812 (E-14) was performed on the crushed dolomitic limestone used in 
the third series of tests. The result of the test indicated an index of 9 
percent overall while for individual size fractions, the index varied from 
3.8 to 16.1 percent. 
Tests on Geosynthetics  
Large Direct Shear Box Tests. Twenty-four large direct shear box tests 
were performed on the two geosynthetic materials in conjunction with the 
soil and granular materials. The shear box used for these tests measured 
11.8 in. (300 mm) square by 6.7 in. (170 mm) high. In each test, the same 
material was used in both the upper and lower half of the shear box. 
Compaction was carried out by using a hand-held vibrating hammer. In 
general, the moisture content and dry density of the material at the time of 
the large scale pavement test were simulated. Details of the tests and the 
results are shown in Table E-3 and Fig. E-8, respectively. For most of the 
E -14 





MOISTURE CONTENT (%) 
Note: Sand and gravel are compacted according to ASTM D-1557 test 
method [E-13] while dolomitic limestone uses the British 
Standard vibrating hammer test method [E-8]. 
Figure E-7. Results of Standard Compaction Tests for the Granular 
Materials. 
Table E-3. Summary of Large Shear 
Box Tests. 
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 138 3.8 1.10 0.75 .06 
138 3.4 2.18 1.46 .06 




 136 3.4 1.22 1.15 .30 










Nicolon/Limestone 138 5.0 0.54 0.46 .06 
137 4.7 1.06 0.99 .06 
138 4.9 2.18 1.75 .06 
10 Tensar SS1/Limestone 139 5.7 0.55 0.62 .06 
11 139 5.6 1.10 1.10 .06 
12 141 5.0 2.18 2.00 .06 
13 Crushed Limestone 138 5.0 0.65 0.70 .30 
14 140 4.9 1.29 1.27 .30 
15 138 5.2 2.21 2.30 .30 
16 Nicolon/Keuper Marl 107 16.6 0.55 0.38 .06 
17 109 16.3 1.12 0.75 .30 
18 110 16.6 2.18 1.39 .30 
19 Tensar/Keuper Marl 106 16.5 0.55 0.48 .30 
20 109 16.2 1.10 0.95 .30 
21 111 16.3 2.10 1.48 .30 
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tests involving granular material, maximum shear stress was obtained at a 
horizontal displacement of less than 0.4 in. (10 mm). However, for tests 
with Keuper Marl, a horizontal displacement of up to 1.2 in. (30 mm) was 
required to achieve maximum shear stress. 
Wide Width Tensile Test. 	These tests were carried out at the University of 
Strathclyde where specialist apparatus was available (E-15). All tests were 
conducted at a standard test temperature of 68°F (20°C) and were continued 
until rupture occurred. A standard shearing rate of 2 percent per minute 
was used for the geogrid but for the stiff geotextile, because of the 
requirement of a much higher failure load, the use of a faster rate of 7.5 
percent per minute was necessary. The results of the tests for both 
materials are shown in Fig. E-9. 
Creep Test. 	Background and details of the test was reported by Murray and 
McGown (E-16). All creep tests were carried out in isolation with no 
confining media. For each geosynthetic material, up to five separate tests, 
each with a different sustained load, were performed. For the geogrid, the 
maximum sustained load corresponded to 60 percent of the tensile strength of 
the material. All tests were carried out at 68°F (20 °C) and, in most cases, 
lasted for 1000 hours. The results of the two sets of tests during the 
first 10 hours are shown in Fig. E-10. 
Tests on Asphaltic Materials  
Marshall Tests. 	One series of Marshall tests (ASTM D1559) was carried out 
for the design of the asphaltic concrete mix. The result of the test is 
summarized in Fig. E-11. The aggregate used in the design mix had a maximum 
particle size of 0.5 in. (12 mm) with grading as shown in Fig. E-12. A 
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as shown in Fig. E-12 with 8 percent of 100 Pen binder was used. For 
comparison purposes, six Marshall samples, made out of the HRA used in the 
first series were tested. The average test results of the six samples are 
shown in Table E-4. Also shown in the table are the test results obtained 
from an asphaltic concrete sample with a binder content of 6.5 percent, a 
specification which was used for the last three series of tests. 
Viscosity Test. 	Two viscosity tests were carried out by the Georgia 
Department of Transportation on the 50 Pen binder used for the asphaltic 
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APPENDIX F 
SEPARATION AND FILTRATION 
APPENDIX F 
SEPARATION AND FILTRATION 
INTRODUCTION 
In recent years, considerable interest has been shown in using open-
graded aggregate layers as bases, subbases and drainage layers in pavements. 
A well-designed drainage system has the potential for increasing the life of 
a flexible pavement by a factor of forty or more [F-1]. If, however, an 
open graded layer (and, in many cases even a more densely graded layer) is 
placed directly on the subgrade, silt and clay may with time contaminate the 
lower portion of the drainage layer. 
The intrusion of fines into an aggregate base or subbase results in (1) 
Loss of stiffness, (2) Loss of shear strength, (3) Increased susceptibility 
to frost action and rutting, and (4) Reduction in permeability. Figure F-1 
shows that an increase in fines of up to 6 percent can have a minor effect 
upon the resilient modulus [F-2]. Other work, however, indicates 
contamination of a portion of an aggregate layer with 2 to 6 percent clay 
can cause reductions in shear strength on the order of 20 to 40 percent [F-
3]. In either case, when the level of contamination becomes sufficiently 
great, the effective thickness and strength of the aggregate layer is 
reduced. 
Contamination due to the intrusion of fines into the base or subbase 
can be caused by the following two mechanisms: 
1. Separation - A poor physical separation of the 
base/subbase and subgrade can result in mechanical 
mixing at the boundary when subjected to load. 
2. Filtration - A slurry of water and fines (primarily 
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Figure F-2. Influence of Subgrade Water Content and Geosynthetic on 
Stone Penetration (After Glynn & Cochrane, Ref. F-31). 
top of the subgrade when water is present and under 
pressure due to repeated traffic loading. If the 
filtration capacity of the layer above the subgrade is 
not sufficiently great, the slurry will move upward 
under pressure into the aggregate layer and result in 
contamination. 
Comprehensive state-of-the-art summaries of the separation and 
filtration problem have been given by Dawson and Brown [F-4], Jorenby [F-2] 
and more recently by Dawson [F-5]. 
FILTER CRITERIA FOR PAVEMENTS 
To perform properly for an extended period, the filtration/ 
separation aggregate filter or geotextile must: (1) Maintain a distinct 
separation boundary between the subgrade and overlying base or subbase, (2) 
Limit the amount of fines passing through the separator so as not to 
significantly change the physical properties of the overlying layer, (3) 
Must not become sufficiently clogged with fines so as to result in a 
permeability less than that of the underlying subgrade, and (4) Because of 
the relatively harsh environment which can exist beneath a pavement, the 
geotextile must be sufficiently strong, ductile and abrasion resistant to 
survive construction and in service loading. In harsh environments some 
clogging and loss of fines through the geosynthetic will occur. 
Unfortunately, the classical Terzaghi filter criteria used for steady 
state filter design are not applicable for severe levels of pulsating 
loading, such as occur beneath pavements where the flow may be turbulent and 
also reversing. For these conditions, a filter cake probably does not 
develop in the soil adjacent to the filter [F-6 through F-8]. Formal filter 
criteria, however, have not yet been developed for aggregate or geotextile 
filters placed at the interface between the base and subgrade of a pavement. 
The classical Terzaghi criteria were developed for uniform, 
cohesionless soils in contact with an aggregate filter. These criteria, 
which assumes steady state flow conditions, are summarized in Part III of 
Table F-1, which was taken from Christopher and Holtz [F-9]. Christopher and 
Holtz give a good general discussion of the engineering utilization of 
geotextiles, including filter criteria and infiltration. The geotextile 
selection criteria given by Christopher and Holtz is also summarized in 
Table F-I for both steady state and cyclic flow conditions. 
SEPARATION 
Maintaining a clean separation between the subgrade and overlying 
aggregate layer is the first level of protection that can be provided to the 
base. Most serious separation problems have developed when relatively open-
graded aggregates have been placed on very soft to soft subgrades [F-3,F- 
10,F-I1]. 
Separation Failure Mechanisms  
Contamination of the base occurs as a result of the aggregate being 
mechanically pushed into the subgrade, with the subgrade squeezing upward 
into the pores of an open-graded stone as it penetrates downward. A 
separation type failure can occur either during construction or later after 
the pavement has been placed in service. This type problem is described in 
the report as a separation failure. Contamination due to washing of fines 
into the base from seepage is referred to as filtration. 
The total thickness of this contaminated zone as a result of separation 
problems (as opposed to filtraton) is typically up to about 2 times the 
Table F-1 
Design Criteria for Geosynthetic and Aggregate Filters 
(Adapted Christopher and Holtz, Ref. F-9) 
I. 	CEOSYNTHETIC FILTERS 
I. 	SOIL RETENTION (PIPING RESISTANCE CRITERLA) 1 
Soils 	 Steady State Plow 	 Dynamic, Pulsating, 
and Cyclic Flow 
<50% Passing= 	AOS -- 095 < 3 0s5 	 095 < 013 (If soil can 
U.S. No. 200 sieve 	 move beneath fabric) 
or 
Cu < 2 or > 6 3■1 	050 < 0.5 Dos 
2 < Cu < 4 	1■0.5 Cu 
4 < Cu < 3 1•11/Cu 
>50% Passing 	Woven: 093 < U13 	 059 < 0.5 Ds3 
U.S. No. 200 Sieve Nonwoven: 095 < 1.6 Dim 
AOS No. (fabric) > No. 50 sieve 
1. When the protected soil contains particles from 1 inch size to those passing 
the U.S. No. 200 sieve, use only the gradation of soil passing the U.S. 
No. 4 sieve in selecting the fabric. 
2. Select fabric on the basis of largest opening value required (smallest AOS) 
II. PERMEABILITY CRITERIA" 
A. Critical/Severe Applications: k (fabric) > 10 k (soil) 
B. Less Critical/Leas Severe and (with Clean Medium to Coarse Sands and 
Gravels): k (fabric) > k (soil) 
1. Permeability should be based on the actual fabric open area available 
for flow. For example, if 50% of fabric area to be covered by flat 
concrete blocks, the effective flow area is reduced by 50%. 
III. CLOGGING CRITERIA 
A. Critical/Severe Applications1 
Select fabric meeting I. II, 1111, and perform soil/fabric filtration tests 
before specification, prequalifying the fabric, or after selection before 
bid closing. Alternative: use approved list specification for filtration 
applications. Suggested performance test method: Gradient Ratio < 3 
B. Loss Critical/Non-Severe Applicatons 
1. Whenever possible, fabric with maximum opening size possible (lowest 
AOS No.) from retention criteria should be specified. 
2. Effective Open Area Qualifiers= : 
Woven fabrics: Percent Open Area: > 4% 
Nonwoven fabrics: Porosity > 30% 
3. Additional Qualifier (Optional): 005> 3D13 
4. Additional Qualifier (Optional): 0 15 > 3D53 
Note: 1. Filtration tests are performance tests snd cannot be performed by the 
manufacturer as they depend on specific soil and design conditions. 
Tests to be performed by specifying agency or his representative. 
Note: experience required to obtain reproducible results in gradient 
ratio test. 
2. Qualifiers in potential clogging condition situations (e.g. gap-graded 
soils and silty type soils) where filtration is of concern. 
3. Porosity requirement based on graded granular filter porosity 
II. AGGREGATE FILTERS - TERZAGHI CRITERIA TOE STEADY TUN 
Piping Requirement: 	 D13 (filter) < 5 Do (soil) 
Permeability Requirement: 	 013 (filter) > 5 D 15 (soil) 
Uniformity Requirement: DSO (filter) < 25 Dso (soil) 
Well screens/slotted pipe criteria: 095 (filter) > (1.2 to 1.4) x slot width 
055 (filter) > (1.0 to 1.2) x hole diameter 
where: 015, 050. and 0.5 • the diameter of soil particles. D of which 15%. 50%. and 
S5%, respectively, of the soil particles are, by dry weight, finer than that 
grain size. 
diameter of the aggregate which overlies the subgrade [F-3,F-12,F-13]. 
Under unfavorable conditions such as a heavy loading and a very weak 
subgrade, the depth of contamination could be even more. Bell, et al. [F-3] 
found for a very large, 4.5 in. (110 mm) diameter aggregate, the stone 
penetration to be about equal to the radius of the aggregate. A similar 
amount of squeezing of the subgrade was also observed, giving a total 
contamination depth of approximately one aggregate particle diameter. 
The subgrade strength, and as a result the subgrade moisture content, 
are both important factors affecting stone penetration. As the moisture 
content of the subgrade increases above the optimum value, the tendency for 
aggregate to penetrate into it greatly increases as illustrated in Figure F-
2. 
Construction Stresses  
The critical time for mixing of the subgrade with the aggregate layer 
is when the vertical stress applied to the subgrade is greatest. The 
largest vertical subgrade stresses usually occurs during construction of the 
first lift of aggregate base. It might also occur later as construction 
traffic passes over the base before the surfacing has been placed. 
The common practice is to compact an aggregate layer with a moderate to 
heavy, smooth wheel vibratory roller. Even a reasonably light roller 
applies relatively large stresses to the top of the subgrade when an initial 
construction lift is used of even moderate thickness. 
Smooth drum vibratory rollers develop dynamic vertical forces varying 
from 4 tons (or less) for a small, light roller to as much as 15 to 20 tons 
for very large rollers. Figure F-3 summarizes the vertical stress caused at 
the subgrade interface by a typical 4, 8 and 17.5 ton, smooth drum vibratory 
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F-8 
layered theory was used in developing these relationships. Because of the 
presence of the soft subgrade, the modulus of elasticity of the first 6 in. 
(150 mm) thickness of the initial lift was assumed to be 1.5 times the 
modulus of elasticity of the subgrade. Each successive 6 in.(150 mm) 
thickness within the lift was assigned an elastic modulus equal to 1.5 times 
that of the material underlying it. 
Bearing Capacity Analysis  
For a separation problem to develop, the externally applied stress 
level must be near the ultimate bearing capacity of the subgrade. The 
ultimate bearing capacity of a cohesive subgrade can be expressed as [F-14]: 
quit = 5.2c 
	
(F- 1) 
where: 	gulf = ultimate bearing capacity of the subgrade 
c 	= undrained shear strength of a cohesive subgrade 
The above equation is for plane strain conditions such as would exist 
beneath a long vibratory roller. When the load is applied over a circular 
area, which is approximately the case for a wheel loading, the ultimate 
bearing capacity is about 20 percent greater than given by equation (F-1). 
The vertical stress at the subgrade interface predicted by conventional 
layered theory requires continuous contact on a horizontal plane between the 
two layers. Large pore openings are, however, present in coarse, open-
graded granular materials. As a result, the actual average vertical stress 
developed on large stone particles at the subgrade interface is greater than 
the average stress predicted by conventional stress distribution theories. 
Hence, a local bearing failure occurs below the tips of the aggregate, and 
the soil squeezes upward between the aggregate into the open pores. 
The actual average vertical stress a* for an open-graded base is 







(F - 2) 
where: 	a
z
* = actual average stress developed on the stone particles 
a
n 
= theoretically calculated vertical stress 
n 	= porosity of the granular layer 
The problem is further complicated by the fact that the aggregate 
particles are both three-dimensional and irregular in shape. Therefore, 
until penetration of the aggregate particles into the subgrade occurs, 
contact stresses between the aggregate and subgrade will be even higher than 
the average stress given by Equation (F-2). 
For conditions of a wet, weak soil, the irregular-shaped aggregates 
will be readily pushed into the subgrade, usually during the construction 
phase. When stone penetration equals about the effective radius of the 
stone, the average contract stress between the stone and soil becomes close 
to that given by equation (F-2). The bearing capacity is probably somewhat 
greater than obtained from applying equation (F-1) which does not consider 
the resistance to flow of soil through the pores of the stone. 
Several additional factors further complicate the aggregate penetration 
problem. Under dynamic loading, the strength of a cohesive subgrade is 
greater than under slow loading. However, several passes of the roller may 
result in reduction in strength due to the build-up of pore pressures in the 
subgrade. The possibility exists that the pores in the lower, tensile 
portion of the aggregate layer open slightly as the external load moves over 
[F-5]. Because of the overall complexity of the problem, a rigorous 
theoretical prediction of soil intrusion is quite difficult. Therefore, 
until more research is performed in this area, a simplified approach can be 
F-10 
taken using equation (F-1) for performing a general assessment of the 
severity of the aggregate penetration problem. 
Construction Lift Thickness  
For an initial lift thickness of 6 in.(150 mm), the average vertical 
stress at the top of the subgrade varies from about 16 to 32 psi (110-220 
kN/m2 ) as the dynamic vibratory roller force increases from 4 to 17.5 tons 
(Figure F-3). These stress levels are sufficient, based on equation (F-1), 
to cause a general bearing capacity failure of a very soft to soft subgrade 
having undrained shear strength less than about 400 to 800 psf (19-38 
kN/m2 ), respectively. Aggregate penetration and excessive permanent 
deformations during construction can occur at even lower stress levels. 
Where very soft subgrades are present, frequently the first lift to be 
constructed is placed at a greater thickness than used for succeeding lifts 
because of subgrade instability problems caused by the construction 
equipment. A lift thickness of 12 in. (300 mm) is probably reasonably 
typical. For this lift thickness, the average vertical subgrade stress 
varies from about 8 to 16 psi (55-110 kN/m 2 ) as the dynamic roller force 
increases from 4 to 17.5 tons. For these conditions a general bearing 
capacity failure, as predicted by equation (F-1), could occur for undrained 
shear strengths less than about 200 to 400 psf (10-20 kN/m2 ). 
Permanent Deformation  
Under repeated loading at a stress level below failure, as predicted by 
equation (F-1), the permanent deformations in the subgrade increases with 
each load repetition. These permanent deformations are due to accumulation 
of permanent strains at stress levels below failure but above the permanent 
strain yield stress of the material. 
Equation (F-1) predicts the required load to cause a general bearing 
failure under the application of a single load. Jurgenson [F-21] has shown, 
however, that the soil beneath the load first starts to fail locally at an 
applied loading of 3.14c. Yielding of the soil occurs at even lower 
stresses and is greatly influenced by the initial stress state in the soil 
(i.e., the over-consolidation ratio). Bender and Barenberg [F-33] found for 
non-reinforced aggregate bases if a z/c 1 3.3, large permanent strains 
rapidly develop under the application of repeated loadings. By using a 
light fabric, the threshold stress (az/c) was found by Bender and Barenberg 
to increase above this level. 
These results indicate that a suitable safety factor must be used with 
equation (F-1) to avoid accumulation of excessive permanent deformations. 
The safety factor during construction should be a minimum of 1.5 to 2 for a 
relatively few number of loadings and an unreinforced aggregate layer. With 
reinforcement the safety can decrease somewhat. After construction the 
stress on the subgrade would, in general, be much smaller and conventional 
pavement design theory can be used to avoid problems with permanent 
deformations. 
Separation Case Histories  
Mixing of the subgrade with an aggregate base has been reported at 
several sites where geosynthetics have not been used. At one site well-
graded aggregate with about a 1.25 to 1.5 in.(30-38 mm) top size and 5 
percent fines was observed during construction to intrude up to a depth of 
about 1 to 2 in. (25-50 mm) into a soft subgrade [F-12,F-13]. For the 
conditions existing at the site, the calculated safety factor for a general 
bearing capacity type failure varied from about 0.8 to 1.4. 
At two sites where intrusion occurred, the ratio D15/d85 varied from 17 
to 20. For comparison, the Terzaghi filter criteria for steady seepage 
requires D15/d85 S 5. Hence, conventional static filter criteria was 
significantly exceeded at these two sites. Under severe conditions of 
loading, intrusion may also occur even if conventional Terzaghi filter 
criteria are satisfied [F-16,F-17]. 
Separation Design Recommendations  
The following tentative design criteria are proposed to minimize 
problems with separation between an aggregate layer and the underlying 
subgrade and to avoid excessive permanent deformation during construction. 
Most problems involving separation will occur where soft to very soft 
cohesive subgrades are encountered typically having undrained shear 
strengths less than about 500 psf (24 kN/m 2 ). Problems such as excessive 
permanent subgrade deformations during construction or aggregate penetration 
would also occur on firm subgrades under more severe loading conditions. 
1. If the safety factor with respect to a general bearing 
capacity failure is greater than 2.0, no special 
precaution is needed with respect to separation or 
excessive permanent deformations during construction. 
For very open-graded granular bases or subbases, a 
limited amount of punching of the aggregate into the 
subgrade will occur for a safety factor of 2. The depth 
of punching should approach the radius of the maximum 
aggregate size. 
2. For a bearing capacity safety factor between about 1.4 
and 2.0, either conventional Terzaghi filter criteria 
should be satisfied or a geotextile should be used as a 
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separator. This criteria should also avoid permanent 
deformation problems from compacting the first lift. If 
a small to modest amount of construction traffic is to 
use the initial construction lift, then a safety factor 
of at least 2.0 to 2.5 should be provided to avoid 
excessive deformations. Specific recommendations 
concerning the selection of a geotextile are given in a 
later section. 
3. 	If the safety factor is less than about 1.4, use of a 
geotextile is recommended regardless of whether filter 
criteria are satisfied. Consideration should also be 
given to satisfying filter criteria, particularly if a 
very open-graded stone is to be used for drainage 
applications. If the granular filter material satisfies 
filter criteria, the geotextile will serve primarily as 
a construction aid. Construction traffic should not be 
permitted for this condition. 
The above recommendations are given to avoid contamination of the 
granular layer due to intrusion and subsequent mixing and also prevent 
excessive permanent deformations from construction traffic on the unsurfaced 
aggregate layer. Drainage applications where filtration is important are 
discussed in the next section. 
Figure F-4 gives the bearing capacity safety factor as a function of 
construction lift thickness for selected vibratory rollers and undrained 
subgrade shear strengths. This figure shows for a moderate vibratory roller 
weight of 8 tons and lift thicknesses of 12 in. (300 mm), separation could 
become a problem for subgrades having undrained shear strengths less than 
about 500 psf (24 kN/m2 ). This subgrade strength corresponds to a standard 
penetration resistance (SPT-value) of approximately 4 blows/ft.(13 b/m). 
Heavy construction traffic on this thickness would, for the existing soil 
conditions, be even more critical and in general unacceptable. 
A very substantial increase in shear strength of a soft to very soft 
subgrade will, in most cases, occur reasonably rapidly after placement of 
the pavement structure [F-181. This increase in strength should be 
considered in estimating the bearing capacity safety factor for long-term 
traffic loading conditions. The initial undrained shear strength of the 
subgrade can be estimated from vane shear tests, undrained triaxial shear 
tests, or from the results of cone penetrometer tests. For preliminary 
design purposes, Table F-2 can be used when reliable estimates of the shear 
strength based on testing are not available. 
Selection of an actual geosynthetic or aggregate filter to use as a 
separator is considered later in the section on Filter Selection. 
FILTRATION 
Some general requirements for intrusion of a slurry of subgrade fines 
into an open-graded aggregate layer can be summarized from the early work of 
Chamberlin and Yoder [F-19]: 
1. A saturated subgrade having a source of water. 
2. A base more permeable than the subgrade with large 
enough pores to allow movement of fines. 
3. An erodable subgrade material. Early laboratory work by 
Havers and Yoder [F-20] indicate a moderate plasticity 
clay to be more susceptible to erosion than a high 
plasticity clay. Silts, fine sands and high plasticity 
Table F-2 













Very Soft Squeezes between 
fingers 
0-1 0-250 
Soft Easily molded 
by fingers 
2-4 250-500 












Hard Dented slightly 
by pencil point 
>30 >2000 
Table F-3 
Vertical Stress on Top of Subgrade 





















Light 3.5 10 
Medium 6 6 
Heavy 8 3 
/ 	  
Notes: 1. Dual wheel loading of 4.5 kips/wheel at 100 psi tire 
pressure. 
2. Moduli/Poisson's Ratio: AC- 200,000 psi/v=0.2; 
Granular Base-10.000 psi/ 
v-0.35; 
Subgrade - 4000 psi/v 0.4. 
3. Analysis - Linear elastic; linear elastic vertical 
subgrade stress increased by 12 percent 
to give good agreement with measured test 
section subgrade stress. 
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clays that undergo deflocculation are also very 
susceptible to erosion. 
4. 	The applied stress level must be large enough to cause a 
pore pressure build-up resulting in the upward movement 
of the soil slurry. 
Although the work of Chamberlin and Yoder [F-19] was primarily for concrete 
pavements, similar mechanisms associated with the formation and movement of 
slurry also occurs for flexible pavements. 
Filtration Mechanisms  
Repeated wheel load applications cause relatively large stresses to be 
developed at the points of contact between the aggregate and the subgrade. 
As loading continues, the moisture content in the vicinity of the projecting 
aggregate points, for at least some soils, increases from about the plastic 
limit to the liquid limit [F-7]. The moisture content does not, however, 
significantly increase in the open space between aggregates (Figure F-5). 
As a result the shear strength of the subgrade in the vicinity of the point 
contacts becomes quite small. Hoare [F-7] postulates the increase in 
moisture content may be due to local shearing and the development of soil 
suction. When a geotextile is used, soil suction appears to be caused under 
low stress levels by small gaps which open up upon loading [F-25]. The gaps 
apparently develop because the geotextile rebounds from the load more 
rapidly than the underlying soil. Remolding may also play a role in the 
loss of subgrade strength. 
Due to the application of wheel loadings, relatively large pore 
pressures may build up in the vicinity of the base-subgrade interface [F-
22,F-23,F-24]. As a result, in the unloaded state the effective stress 
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Figure F-5. Mechanisms of Slurry Formation and Strain in Geosynthetic. 
residual pore water pressures. These pore pressures in the subgrade result 
in the flow of water upward into the more permeable aggregate layer. The 
subgrade, in its weakened condition, is eroded by the scouring action of the 
water which forms a slurry of silt, clay and even very fine sand particles. 
The slurry of fines probably initiates in the vicinity where the aggregate 
tips press against the soil [F-3]. This location of slurry initiation is 
indicated by staining of geotextiles in the immediate vicinity of where the 
aggregates contact the fabric. 
The upward distance which fines are carried depends upon (1) the 
magnitude of induced pore pressure which acts as the driving force, (2) the 
viscosity of the slurry, and (3) the resistance encountered to flow due to 
both the size and arrangement of pores. Fine particles settle out in the 
filter or the aggregate layer as the velocity of flow decreases either 
locally because of obstructions, or as the average flow velocity becomes 
less as the length of flow increases. Some additional movement of material 
within, or even out of, the base may occur as the moisture and loading 
conditions change with time [F-19]. 
Geotextile Filters  
Geotextile filters have different inherent structural characteristics 
compared to aggregate filters. Also, a considerable difference can exist 
between geotextiles falling within the same broad classification of woven or 
nonwoven materials due to different fiber characteristics. Nonwoven 
geotextiles have a relatively open structure with the diameter of the pore 
channels generally being much larger than the diameter of the fibers. In 
contrast, aggregate filters have grain diameters which are greater than the 
diameter of the pores [F-8]. Also, the porosity of a nonwoven geotextile is 
larger than for an aggregate filter. 
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Electron microscope pictures showing the internal structure of several 
non-woven geosynthetics are given in Figure F-6. None of these 
geosynthetics were considered to fail due to clogging during 10 years of use 
in edge drains [F-26]. The approximate order of ranking with respect to 
clogging from best to worst is from (a) to (d) for similar geotextiles. The 
following review of factors influencing geotextile filtration performance 
are primarily taken from work involving cyclic type loading. 
Thickness. The challenging part of modifying granular filter criteria for 
use with fabrics is relating soil retention characteristics on a geotextile 
with those of a true three-dimensional granular filter. Heerten and 
Whittmann [F-8] recommend classifying geotextiles as follows: 
1. Thin: 
	
	thickness t<2 mm and geotextile weights up to 9 oz./yd 2 
 (300 g /m2 ). 
2. Thick: 	single layer, needle punched: thickness t>2 mm and 
geotextile weights up to 18 oz./yd 2 (600 g/m2 ). 
3. Thick multi-layer, needle punched geotextiles. 
Earlier work by Schober and Teindl [F-6] found wovens and non-wovens 
less than 1 mm in thickness to perform different than non-wovens greater 
than 2 mm, which gives support to the above classifcation scheme. 
As the thickness of a nonwoven, needle punched geotextile increases, 
the effective opening size decreases up to a limiting thickness which is 
also true for an aggregate filter [F-8]. Thick needle punched geotextiles 
have been found to provide a three-dimensional structure that can approach 
that of an aggregate filter; thin geotextiles do not. Also, soil grains 
which enter the geotextile pores reduce the amount of compression which 
occurs in a nonwoven, needle punched geotextile subjected to loading. 
(a) Nonwoven, Needle 4.5 oz/yd 2 , 
75 mil. 
(b) Nonwoven, Needle 5.3 oz/yd 2 , 
Heat Bonded, 60 mil. 
(c) Nonwoven 4.5 oz/yd 2 , 30 mil. 	(d) Spun-Bonded, 15 mil. 
Figure F-6. Electron Microscope Pictures of Selected Geotextiles: 
Plan and Edge Views (84x). 
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As the thickness of the geotextile increases, the effective opening 
size decreases and fines in suspension have a harder time passing through 
because of the three-dimensional structure [F-7,F-25,F-27]. The fines which 
do pass through the geotextile may be deposited on the upstream side of the 
fabric in a thin layer that can significantly reduce effective permeability. 
A layer of fines forming a cake on the downstream side of the geotextile has 
also been observed. When open-graded granular materials are located above 
the geotextile, the fines passing through would probably be pumped into the 
voids of the stone resulting in stone contamination. The load on the 
aggregates in contact with the geotextile can result in a significant amount 
of stretching of the fabric and a temporary increase in pore diameter, which 
allows more fines to pass through. If, however, the geotextile has pores 
which are too small in diameter or the porosity is too small, clogging can 
occur, and the geotextile is not self-cleaning. 
Self-Cleaning Action. Laboratory tests have shown a change in the direction 
of flow through a geotextile can cause an increase in its permeability [F-
25,F-28]. Hence, partial flushing of fines from a geotextile is apparently 
possible under conditions of reversing flow. The permeability, however, 
does not go back to its original value upon flow reversal. Flushing was 
found by Saxena and Hsu [F-25] to be more effective for heavier, nonwoven 
geotextiles. Whether self-cleansing can actually occur in the field has not 
been demonstrated. 
Load Repetitions. The quantity of fines migrating upward through a 
geotextile filter is directly related to the log of the number of load 
applications [F-7,F-25] as illustrated in Figure F-7. The Soil 
HOARE (1982) 
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Figure F-7. Variation of Geosynthetic Contamination with Number of 
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Figure F-8. Variation of Geosynthetic Contamination with Geosynthetic 
Apparent Opening Size, 0 95 (After Bell, et al., Ref. F-10). 
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Contamination Value (SCV) quantifies soil loss through a geotextile. SCV is 
the weight of soil per unit area passing through the geotextile [F-7]. 
Apparent Opening Size. The Apparent Opening Size (AOS) quantifies at least 
approximately the effective pore opening size of a geosynthetic. The 
apparent opening size (AOS) of a geotextile is defined as the minimum 
uniform, spherical particle size of a uniform shape that allows 5 percent or 
less of the particles to pass through the geotextile [F-9]. For a given 
weight, geotextiles having a small fiber size, and as a result a smaller 
effective opening, allow less material to be washed through [F-8]. Some 
general findings by Carroll [F-29] involving AOS as related to geotextile 
filtration are as follows: 
1. The apparent opening size (AOS) of the geotextile cannot 
be used alone to directly compare the retention ability 
of a nonwoven and woven geotextile. 
2. The AOS measures the maximum "straight through" openings 
in a woven geotextile. Fabric pore size, pore structure 
and filtration capacity are not accurately defined by 
AOS. 
3. AOS values can be related to the retention ability of 
geotextiles provided proper consideration is given to 
the other significant factors. 
4. The uniformity coefficient of the soil being protected 
has an important influence on the filter criteria. 
Also, the AOS of woven monofilaments and nonwoven geotextiles should not in 
general be compared since they will not have the same filtration efficiency 
[F-29]. 
The quantity of fines trapped by the filter layer when subject to 
cyclic loading generally increases with increasing apparent opening size 
(AOS) of the filtering media (expressed in units of length and not sieve 
size) (Figure F-8). In the laboratory tests performed by Bell, et al. [F-
10], the least amount of contamination was observed when a thin sand layer 
was employed compared to the geotextiles tested. The sand layer also had 
the smallest apparent opening size, as estimated using the method of Schober 
and Teindl [F-6]. 
Soil contamination of geotextiles removed from beneath railroad tracks 
has been reported by Raymond [F-11]. This extensive field study also 
indicates increasing soil contamination of the geotextile occurs with 
increasing apparent opening size (AOS) as shown in Figure F-9. As defined 
in this figure, soil contamination is the percent of soil trapped within the 
geotextile compared to the uncontaminated dry geotextile weight. 
Undoubtedly the scatter in data in Figure F-9 is at least partly because 
soil contamination is not only related to AOS but also to a number of other 
factors as previously discussed. 
Figure F-9 shows results for an alternate definition of AOS based on 95 
percent of the uniform particles being retained on the surface of the 
geotextile [F-30]. As pointed out by Raymond [F-11], this alternate 
definition is more closely related to classical filter criteria that limits 
the amount of soil which can enter the filter. 
Stress Level. As the applied stress level on the geosynthetic increases, so 
does the quantity of fines migrating through the geotextile (Figure F-10) 
and the amount of contamination. Data obtained from field studies (Figure 
F-11) show that the level of contamination rapidly decreases below a 
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Figure F-9. Variation of Geosynthetic Contamination Approximately 8 in. 
Below Railroad Ties with Geosynthetic Opening Size (After 
Raymond, Ref. F-11). 
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Figure F-10. Variation of Geosynthetic Contamination with Stress Level 
and Subgrade Moisture (After Glynn & Cochrane, Ref. F-31). 
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vertical stress also decreases with increasing depth, contamination of a 
geotextile in the field is indeed dependent upon stress level. The curve 
relating variation of soil content with depth (Figure F-11) is similar in 
general shape to a typical vertical stress distribution curve. Loss of 
integrity of the geotextile due to abrasion and also breakdown of the 
aggregate may also play an important role in aggregate contamination. 
To approximately translate the extensive findings of Raymond [F-I0] for 
geotextiles placed below railroad track installations to pavements, a 
comparison was made of the vertical stress developed beneath a heavily 
loaded railroad track with the stress developed at the top of the subgrade 
for typical pavement sections. Assume 4.5 kip (20 kN) dual wheel loads are 
applied to the surface of the pavement, and the tires are inflated to 100 
psi (0.7 MN/m2 ). Let the critical railroad loading be simulated by a fully 
loaded cement hopper car. 
Figure F-I2 shows the approximate equivalent depths below the railroad 
cross-ties that corresponds to the vertical stress at the top of the 
subgrade for a typical light, medium and heavy highway pavement section. A 
heavy train loading causes large vertical stresses which spread out slowly 
with depth. In contrast, vertical stresses from pavement type loadings 
spread out relatively quickly because of the small diameter of the loaded 
area. 
For railroad track rehabilitation, geotextiles are generally placed at 
a depth of about 8 to 12 in. (200-300 mm) beneath the tie which corresponds 
to a vertical stress level on the order of 14 psi (96 kN/m2 ). For 
comparison, typical very light, light, medium and heavy pavement sections 
(Table F-3) have maximum vertical stresses at the base-subgrade interface on 
the order of 21, 10, 6 and 3 psi (138, 69, 41, 21 kN/m2 ), respectively. 
The practical implications of these findings are that (1) the railroad 
type loading is considerably more severe compared to most structural 
sections used for pavements, and (2) a highway type pavement should exhibit 
a wide variation in performance with respect to filtration depending, among 
other things, upon the thickness and strength of the structural section. 
Very thin pavement sections are probably subjected to an even more severe 
vertical stress, and hence more severe infiltration condition, than for a 
typical railroad ballast installation. In contrast, a heavy structural 
pavement section would be subjected to a much less severe stress condition. 
Laboratory Testing Methods  
Laboratory studies to observe the migration of fines through both 
granular filter layers and geotextile filters have most commonly employed a 
constant gradient test which simulates steady state, unidirectional seepage 
conditions [F-7,F-29]. The results obtained from constant gradient tests, 
which do not use a cyclic load, serve as an upper, possibly unsafe, bound 
for establishing design criteria for pavement infiltration applications. 
Most frequently dynamic testing to simulate pavement conditions has 
been carried out in cylindrically shaped, rigid cells which may consist of 
either a steel mold [F-3,F-31,F-32] or a plexiglass cylinder [F-33]. The 
subgrade soil is generally placed in the bottom of the mold, with the filter 
layer and base material above. A cyclic loading is then applied to the top 
of the specimen through a rigid loading platen. 
An improved test [F-28] has been developed by Dempsey and Janssen for 
evaluating the relative effectiveness of different geotextiles (Figure F-
13). The test is performed in a triaxial cell at a realistic confining 
pressure. In contrast to other tests, the subgrade soil is placed on top of 
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Figure F-13.Cyclic Load Triaxial Apparatus for Performing Filtration 
Tests (Adapted from Janssen, Ref.F-28). 
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Figure F-14. Economic Comparison of Sand and Geosynthetic Filters for 
Varying Sand Filter Thickness. 
specimen at a constant hydraulic gradient as a repeated loading is applied. 
The quantity of fines washed through the geotextile is measured, as well as 
the permeability of the geotextile as a function of load repetitions. To 
evaluate long-term performance, one million load repetitions are applied. 
Dawson [F-51 has pointed out the important need for performing tests at 
realistic vertical stress levels comparable to those existing in pavements. 
He also shows that three dimensional pavement tests are more appropriate 
than the conventional one-dimensional test. 
Selected Practices  
Task Force 25 Criteria. Over about the last five years Task Force 25 
has developed comprehensive specification guidelines for drainage 
geotextiles. Task Force 25 has representatives from a number of 
organizations including AASHTO, AGC, ARTBA, universities and the geotextile 
industry. As a result this task force has a wide range of experience and 
backgrounds. 
Intended applications for the Task Force 25 criteria are as follows: 
edge of pavement drains, interceptor drains, wall drains, recharge basins, 
and relief wells. The current version of the Task Force 25 criteria 
requires that: 
"Fibers used in the manufacture of geotextile, and the 
threads used in joining geotextiles by sewing, shall 
consist of long chain synthetic polymers composed of at 
least 85% by weight polyolefins, polyesters, or 
polyamides. They shall be formed into a network such 
that the filaments or yarns retain dimensional stability 
relative to each other, including selvedges". 
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Task Force 25 geotextile criteria are summarized in Table F-4. 
Corps of Engineers Filter Criteria. For unidirectional, non-turbulent 
conditions of flow, the Corps of Engineers recommends the criteria show in 
Table F-5. The Corps [F-34] cautions about using filter materials in 
inaccessible areas indicating that their use "must be considered carefully." 
For fine grained soils having 50 or more percent passing the number 200 
sieve, this criteria requires that the AOS generally be between the No. 70 
and No. 120 U.S. Standard Sieve. Both woven and non-woven geotextiles are 
allowed. To permit adequate drainage and to resist clogging, non-woven 
geotextiles must have a permability greater than 5 times that of the soil. 
For similar reasons, wovens must have a percent open area greater than 4 
percent for soils having 5 to 85 percent passing the number 200 sieve, and 
greater than 10 percent for soils having less than 5 percent fines. 
Pennsylvania DOT Filtration/Separation Practices.  The Pennsylvania DOT uses 
as a standard design an open graded subbase (OGS) to act as a blanket drain 
(Table F-6). To maintain separation a more densely graded Class 2A stone 
separation layer is placed beneath the open graded drainage course. If a 6 
in (150 mm) thick subbase is used, the two layers are each 3 in. (75 mm) in 
thickness; if a 12 in. (300 mm) subbase is used the two layers are each 6 
in. (150 mm) thick. 
An approved geotextile may be substituted for the separation layer. If 
a geotextile is used, the open graded aggregate drainage layer is placed 
directly on the geotextile, and is equal in thickness to the full depth of 
the subbase. The geotextile separator used typically has a weight of about 
Table F-4 
Recommended Minimum (1) Engineering Fabric Selection Criteria 
in Drainage and Filtration Applications -AASHTO-AGG-ARTBA Task Force 25 
(After Christopher and Holtz, Ref. F-9) 
I. PIPING RESISTANCE (soil retention - all applicationa) 
A. Soils with 50% or less particles by weight passing U.S. No. 200 Sieve: 
EOS No. (fabric) 2 30 sieve 
B. Soils with more than 50% particles by weight passing U.S. No. 200 
Sieve: 
EOS No. (fabric) > 50 sieve 
Note: 
1. Whenever possible, fabric with the lowest possible EOS No. should be 
specified. 
2. When the protected soil contains particles from 1 inch size to those 
passing the U.S. No. 200 Sieve, use only the gradation of soil 




Normal Applications  
k(fabric) > 10k (soil) 
	
k(fabric) > k (soil) 
*'Woven monofilament fabrics only; percent open area > 4.0 and EOS 
No. < 100 sieve. 
III. CHEMICAL COMPOSITION REQUIREMENTS/CONSIDERATIONS 
A. Fibers used in the manufacture of civil engineering fabrics shall 
consist of long chain synthetic polymers, composed of at least 85% 
by weight of polyolephins, polyesters, or polyamides. These fabrics 
shall resist deterioration from ultraviolet exposure. 
B. The engineering fabric shall be exposed to ultraviolet radiation 
(sunlight) for no more than 30 days total in the period of time 
following manufacture until the fabric is covered with soil, rock, 
concrete, etc. 
IV. PHYSICAL PROPERTY REQUIREMENTS (all fabrics) 
Grab Strength (ASTM D-1682) 
(Minimum in either principal direction) 
Puncture Strength (ASTM-D-751-68) 2 
Burst Strength (ASTM D-751-68)
3 




180 lbs. 	80 lbs. 
80 lbs. 
	25 lbs. 
290 psi 130 psi 
50 lbs. 	25 lbs. 
4 
1 All numerical values represent minimum average roll values (i.e., any roll in a 
lot should meet or exceed the minimum values in the table). Note: these values 
are normally 20% less than manufacturers typically reported values. 
2 Tension Testing Machines with Ring Clamp, Steel ball replaced with a 5/16 inch 
diameter solid steel cylinder with hemispherical tip centered within the ring 
clamp. 
3 
Diaphram Test Method 
Fabric is said to be protected when used in drainage trenches or beneath/ 
behind concrete (Portland or asphalt cement) slabs. All other conditions are 
said to be unprotected. 	Examples of each condition are: 
Protected: highway edge drains, blanket drains, smooth stable trenches < 
10 feet in depth. In trenches, in which the aggregate is 
extra sharp additional puncture resistance may be necessary. 
Unprotected: stabilization trenches, interceptor drains on cut slopes, 
rocky or caving trenches or smooth stable trenches > 10 
feet in depth. 
Table F-5 
U.S. Army Corps of Engineers Geosynthetic Filter Criteria 
(Ref.F-34) 
Protected Soil 	(Percent 
Passing N.2, 200 Sieve) 
Piping 	(1) Permeabilit y 
Woven ' Non-Woven 
(2) 
Less than 	St 
(3) 
EOS(mm) 	< 085 (mm) POA > 10% kG > Sk s 
(4) 
(2) 
5% to 50% EOS(mm) < D85 (mm) POA > 	4% kG > Sk s 
50% to 85% (a)EOS(mm) < 085 (mm) 
(b)Upper Limit on EOS 
is EOS (mm) < .212 mm 
(No. 70 U. S. 	Standard 
Sieve) 
POA > 	4% kG > Sk s 
>85% (a)EOS(mm) 	< 085 (mm) 
(b)Lower Limit on EOS 
is EOS 	(mm) > 	.125 mm 
(No. 120 U. S. Standard 
Sieve) 
 — kG > SK S 
(1) When the protected soil contains appreciable quantities of material 
retained on the No. 4 sieve use only the soil passing the No. 4 sieve in 
selecting the EOS of the geotextile. 
(2) These protected soils may have a large permeability and thus the POA or 
kG may be a critical design factor. 
D85 is the grain size in millimeters for which 85 percent of the sample 
by weight has smaller grains. 
(4) k c, is the permeability of the non-woven geotextile and k s is the 
permeability of the protected soil. 
(3) 
Table F-6 
Aggregate Gradations Used by Pennsylvania DOT For Open-Graded 
Drainage Layer (OGS) and Filter Layer (2A) 
\ 	  
AASHTO 
SEPARATION DRAINAGE LAYER (OGS) 
LAYER 
 
(2A) New Proposal(1) 	Old 
2 100 100 	 100 
3/4 52-100 52-100 	52-100 
3/8 36-70 36-65 	 36-65 
#4 24-50 20-40 	 8-40 
#8 16-38 - 	 - 
#16 30-70 3-10 	 0-12 
#30 - 0-5 	 0-8 
#50 - 0-2 	 - 
#200 <10 0-2 	 <5 
Note: 1. Tests indicate the proposed gradation should have 
a permeability of about 200 to 400 ft/day. 
Table F-7 




GEOTEXTILE SEVERITY CLASSIFICATION 
, 
Low Moderate Severe Very Severe 
1.4 < SF < 2 3,4 2 1 - 
1.4 	< SF < 	1.0 4 3 2 1 
SF < 1.0 - 3,4 - 
, 	1 .- 
SEPARATION NUMBER( 1 ), N 
2-4 in. Top Size 
Aggr., Angular, 
Uniform (no fines 
N..1) 













1. Rounded gravels can be given a separation number one less than indicated, if desired. 
16 oz/yd2 (380 gm/m2 ). It also has the additional mechanical properties: 
AOS smaller than the No. 70 U.S. Sieve; grab tensile strength 1 270 lbs (0.3 
kN); grab elongation 1 15 percent; puncture > 110 lbs (0.5 kN); trapezoidal 
tear strength > 75 lbs (0.3 kN); and an abrasion resistance 1 40 lbs (0.3 
kN). 
To exhibit some stability during construction, the open graded base is 
required to have a minimum of 75 percent crushed particles with at least two 
faces resulting from fracture. The open graded base must be well graded, 
and have a uniformity coefficient Cu = D60/D10 1 4. The open graded base is 
placed using a spreader to minimize segregation. 
California DOT. The California DOT allows the use of geotextiles below open 
graded blanket drains for pavements and also for edge drains. They require 
for blanket drains a nonwoven geotextile having a minimum weight of 4 
oz./yd 2 (95 gm/m2 ). In addition, the grab tensile strength must be 1 100 
lbs. (0.4 kN), grab tensile test elongation 1 30 percent, and the toughness 
(percent grab elongation times the grab tensile strength) 1 4000 lbs (18 
kN). These geotextile material requirements are in general much less 
stringent than those used by the Pennsylvania DOT. 
New Jersey/University of Illinois. Barenberg, et al. [F-35,F-17,F-361 have 
performed a comprehensive study of open graded aggregate and bituminous 
stabilized drainage layers. These studies involved wetting the pavement 
sections and observing their performance in a circular test track. The 
subgrade used was a low plasticity silty clay. 
These studies indicated good performance can be achieved by placing an 
open-graded aggregate base over a sand filter, dense-graded aggregate 
subbase or lime-flyash treated base. In one instance, although the open- 
graded drainage layer/sand filter used met conventional static filter 
criteria, about 0.5 to 0.75 in. (12-19 mm) of intrusion of sand occurred 
into the open-graded base. A significant amount of intrusion of subgrade 
soil also occurred into an open-graded control section which was placed 
directly on the subgrade. An open-graded bituminous stabilized layer was 
found to be an effective drainage layer, but rutted more than the non-
stabilized drainage material. 
Lime modifications of the subgrade was also found to give relatively 
good performance, particularly with an open-graded base having a finer 
gradation. Stone penetration into the lime modified subgrade was 
approximately equal to the diameter of the drainage layer stone. 
As a result of this study, the New Jersey DOT now uses as standard 
practice a non-stabilized, open-graded drainage layer placed over a dense 
graded aggregate filter [F-37]. The drainage layer/filter interface is 
designed to meet conventional Terzaghi type static filter criteria. 
Harsh Railroad Track Environment. The extensive work of Raymond [F-11] 
was for geotextiles placed at a shallow depth (typical about 8 to 12 in.; 
200-300 mm) below a railroad track structure. This condition constitutes a 
very harsh environment including high cyclic stresses and the use of large, 
uniformly graded angular aggregate above the geotextile. The findings of 
Raymond translates to a very severe condition for the problem of filtration 
below a pavement including a thin pavement section. 
Well needle punched, resin treated, nonwoven geotextiles were found by 
Raymond to perform better than thin heat bonded geotextiles which behaved 
similarly to non-wovens. Also, these nonwovens did better than spun bonded 
geotextiles having little needling. Abrasion of thick spun bonded 
geotextiles caused them not to perform properly either as a separator or as 
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a filter. 	Raymond also found the best performing geotextile to be multi- 
layered, having large tex fibers on the inside and low tex fibers on the 
outside. Wehr [F-16] concluded that only non-woven, needle bonded 
geotextiles with loose filament crossings have a sufficiently high 
elongation to withstand heavy railroad loadings without puncturing. 
For the reversible, non-steady flow conditions existing beneath a 
railway track, heavy, non-woven geotextiles having a low AOS less than 55 pun 
(U.S. No. 270 sieve size) were found to provide the best resistance to 
fouling and clogging. Use of a low AOS was also found to insure a large 
inplane permeability, which provides important lateral drainage. 
Raymond [F-11] recommends that at a depth below a railway tie of 12 in. 
(300 mm) a needle punched geotextile should have a weight of at least 20 
oz./yd2 (480 gm/m2 ), and preferably more, for continuous welded rail. A 
depth of 12 in. (300 mm) in a track structure corresponds approximately to a 
geosynthetic placed at the subgrade of a pavement having an AASHTO 
structural number of about 2.75 based on vertical stress considerations 
(Figure 1-12). Approximately extrapolating Raymond's work based on vertical 
stress indicates for structural numbers greater than about 4 to 4.5, a 
geosynthetic having a U.S. Sieve No. of about 100 to 140 should result in 
roughly the same level of contamination and clogging when a large uniformly 
graded aggregate is placed directly above. 
FILTER SELECTION 
INTRODUCTION 
Factors of particular significance in the use of geotextiles for 
filtration purposes below a pavement can be summarized as follows [F-6,F-
10,F-11,F-29,F-37,F-38]: 
1. Pavement Section Strength. The strength of the pavement section 
placed over the filter/separator determines the applied stresses 
and resulting pore pressures generated in the subgrade. 
2. Subgrade. The type subgrade, existing moisture conditions and 
undrained shear strength are all important. Low cohesion silts, 
dispersive clays, and low plasticity clays should be most 
susceptible to erosion and filtration problems. Full scale field 
tests by Wehr [F-16] indicate for low plasticity clays and highly 
compressible silts, that primarily sand and silt erodes into the 
geotextile. 
3. Aggregate Base/Subbase. The top size, angularity and uniformity 
of the aggregate placed directly over the filter all affect 
performance. A large, angular uniform drainage layer, for 
example, constitutes a particularly severe condition when placed 
over a subgrade. 
4. Aggregate Filters. Properly designed sand aggregate filters are 
superior to geotextiles, particularly under severe conditions of 
erosion below the pavement [F-3,F-11,F-17,F-31]. Granular filters 
are thicker than geosynthetics and hence have more three 
dimensional structural effect. 
5. Non-Wovens. Most studies conclude that needle punched, non-woven 
geotextiles perform better than wovens. 
6. Geosynthetic Thickness. Thin (t < 1 mm) non-woven geotextiles do 
not perform as well as thicker, needle punched non-wovens (t 2 2 
mm). 
7. Apparent Opening Size (AOS). The apparent opening size (AOS) is 
at least approximately related to the level of base contamination 
and clogging of the geotextile. Fiber size, fiber structure and 
also internal pore size are all important. 
8. Clogging. In providing filtration protection particularly for 
silts and clays some contamination and filter clogging is likely 
to occur. Reductions in permeability of 1/2 to 1/5 are common, 
and greater reductions occur [F-5,F-8,F-11,F-26,F-39]. 
9. Strain. For conditions of a very soft to soft subgrade, large 
strains are locally induced in a geosynthetic when big, uniformly 
graded aggregates are placed directly above. Wehr [F-16], for 
example, found strains up to 53 percent were locally developed due 
to the spreading action of the aggregate when subjected to 
railroad loads. 
GEOTEXTILE 
Where possible cyclic laboratory filtration tests should be performed 
as previously described to evaluate the filtering/clogging potential of 
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geosynthetic or aggregate filters to be used in specific applications. The 
filter criteria given in Table F-1 can serve as a preliminary guide in 
selecting suitable filters for further evaluation. A preliminary 
classification method is presented for selecting a geosynthetic based on the 
separation/survivability and filtration functions for use as drainage 
blankets beneath pavements. Survivability is defined as the ability of the 
geotextile to maintain its integrity by resisting abrasion and other similar 
mechanical forces during and after construction. 
Separation. The steps for selection of a geosynthetic for separation and 
survivability are as follows: 
1. Estimate from the bottom of Table F-7 the SEPARATION NUMBER N 
based on the size, gradation and angularity of the aggregate to be 
placed above the filter. 
2. Select from the upper part of Table F-7 the appropriate column 
which the Separation Number N falls in based on the bearing 
capacity of the subgrade. Read the SEVERITY CLASSIFICATION from 
the top of the appropriate column. Figure F-5 provides a simple 
method for estimating subgrade bearing capacity. 
3. Enter Table F-8 with the appropriate geotextile SEVERITY 
CLASSIFICATION and read off the required minimum geotextile 
properties. 
Where filtration is not of great concern, the requirements on apparent 
opening size (AOS) can be relaxed to permit the use of geotextiles with U.S. 
Sieve sizes smaller than the No. 70 (i.e., larger opening size). A layer to 
maintain a clean interface (separation layer) is not required if the bearing 
capacity safety factor is greater than 2.0. Also for a Separation Number of 
4, an intermediate layer is probably not required if the bearing capacity 
safety factor is greater than 1.4; and for a SEPARATION NUMBER of 3 or more 
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Both sand filter layers and geotextiles can effectively maintain a 
clean separation between an open-graded aggregate layer and the subgrade. 
The choice therefore becomes primarily a matter of economics. 
A wide range of both nonwoven and woven geotextiles have been found to 
work well as just separators [F-3,F-4,F-13,F-16,F-17]. Most geosynthetics 
when used as a separator will reduce stone penetration and plastic flow [F-
31]. The reduction in penetration has, however, been found by Glynn and 
Cochran [F-31] to be considerably greater for thicker, compressible 
geotextiles than for thinner ones. 
More care is perhaps required for the design of an intermediate 
aggregate layer to maintain separation than is necessary for the successful 
use of a geotextile. An intermediate granular layer between the subgrade 
and base or subbase having a minimum thickness of 3 to 4 in. (75-100 mm) is 
recommended. Bell, et al. [F-3] found that large 4.5 in. (114 mm) diameter 
aggregates can punch through a thin, uncompacted 2 in. (50 mm) sand layer 
into a soft cohesive subgrade. 
Finally, excessive permanent subgrade deformations may occur during 
construction of the aggregate base as a result of loads applied by 
construction traffic. This potentially important aspect must be considered 
separately as discussed in the separation section. 
Filtration. The geotextile selected based on filtration considerations 
(i.e., washing of fines from the subgrade into the base or subbase) should 
also satisfy the previously given requirements for separation/ 
survivability. The suggested steps for selection of a geosynthetic for 
filtration considerations are as follows: 
1. 	Estimate the pavement structural strength category from Table F-9 
based on its AASHTO structural number. 
Table F-9 
Pavement Structural Strength Categories Based on Vertical 








Very Light <2.5 >14 
Light 2.5-3.25 14-9.5 
Medium 3.25-4.5 9.5-5 
Heavy >4.5 <5 
Table F-10 
Partial Filtration Severity Indexes 
Pavement 
Structure 















Description (1) 	Partial Index 





Very Light <2.5 25 17 9 5 Dispersive clays; very uniform fine cohesion-
less sands 
(Pl<6); Micaceous Silty 
Sands and Sandy Silts 
20 
Light 2.5-3.25 18 13 7 4 Well-graded cohesion- 
less gravel-sand-silt 
mixtures (PI<6)/ 
Medium plasticity; Clay 
tinder may be present; Low 
PI clays 
12 
Medium 3.25-4.3 13 9 6 3 
Heavy >4.5 10 7 4 2 Nondisporsive clays of 
high plasticity 
(pi>25); Coarse sands; 
Gravels 
3 
Mote: 1. See for example References F-2. Y-15. F-20. T-31 for indications of susceptibility to erosion. 
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2. Add the appropriate Partial Filtration Severity Indexes given in 
Table F-10 given for the appropriate subgrade moisture condition 
and pavement structural strength (Add one number from one of 
columns (3) through (6) to the partial index (one number) given in 
column (8) corresponding to the subgrade soil present). The 
addition of these two numbers gives the FILTRATION SEVERITY INDEX. 
3. Estimate the filtration SEVERITY CLASSIFICATION as 
follows: 
FILTRATION SEVERITY CLASSIFICATION 	FILTRATION INDEX 
Very Severe 	 > 36 
Severe 	 28-35 
Moderate 	 18-27 
Low 	 S 17 
4. Enter Table F-8 (third row from bottom) with the appropriate 
FILTRATION SEVERITY CLASSIFICATION , and determine the 
required filtration characteristics of the geotextile. 
In making a final geotextile selection good judgment and 
experience should always be taken into consideration. 
The proposed procedures for considering separation, filtration and 
permanent subgrade deformations during construction are intended to 
illustrate some of the fundamental parameters of great importance in 
selecting geotextiles for separation/filtration applications. For example, 
it has been shown earlier that filtration and contamination levels are 
significantly influenced by the magnitude of the subgrade stress, number of 
load repetitions, and subgrade moisture content. Stress level in turn is 
determined by the strength of the structural section placed above the 
subgrade. In separation problems important variables include (1) size, 
gradation and angularity of the aggregate, and (2) subgrade strength and 
applied stress level at the subgrade. It would seem illogical not to 
consider these important parameters in selecting a geotextile for use 
beneath a pavement. 
F-44 
The primary purpose of presenting the proposed procedure for geotextile 
selection was, hopefully, to encourage engineers to begin thinking in terms 
of the variables that are known to be significant. The procedures presented 
were developed during this study using presently available data. For 
example, the previously presented effects of stress level, number of load 
repetitions (both of which are related to structural number) and moisture 
content were used in developing the semi-rational procedures presented here. 
The interaction between some variables such as stress level and number of 
load repetitions was through necessity estimated. Nevertheless, it is felt 
that the proposed procedure, when good judgement and experience is applied, 
offers a reasonable approach to semi-rationally select a suitable 
geotextile. 
Economics. Figure F-14 can be employed to quickly determine whether a 
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The commonly used geosynthetics can be divided into two general groups: 
(1) the polyolefins, which are known primarily as polypropylenes and 
polyethylenes, and (2) the polyesters. Their observed long-term durabiilty 
performance when buried in the field is summarized in this section. 
Most flexible pavements are designed for a life of about 20 to 25 
years. Considering possible future pavement rehabilitation, the overall 
life may be as great as 40 years or more. When a geosynthetic is used as 
reinforcement for a permanent pavement, a high level of stiffness must be 
maintained over a large number of environmental cycles and load repetitions. 
The geosynthetic, except when used for moderate and severe separation 
applications, is subjected to forces that should not in general exceed about 
40 to 60 lb/in. (7-10 kN/m); usually these forces will be less. The 
strength of a stiff to very stiff geosynthetic, which should be used for 
pavement reinforcement applications, is generally significantly greater than 
required. Therefore, maintaining a high strength over a period of time for 
reinforcement would appear not to be as important as retaining the stiffness 
of the geosynthetic. For severe separation applications, maintaining 
strength and ductility would be more important than for most pavement 
reinforcement applications. 
Most mechanical properties of geosynthetics such as grab strength, 
burst strength and tenacity will gradually decrease with time when buried 
beneath a pavement. The rate at which the loss occurs, however, can vary 
greatly between the various polymer groups or even within a group depending 
upon the specific polymer characteristics such as molecular weight, 
chainbranching, additives, and the specific manufacturing process employed. 
Also, the durability properties of the individual fibers may be 
significantly different than the durability of the geosynthetic manufactured 
from the fibers. 
Stiffness in some instances has been observed by Hoffman and Turgeon 
[G-1] and Christopher [G-2] to become greater as the geosynthetic becomes 
more brittle with age. As a result, the ability of the geosynthetic to act 
as a reinforcement might improve with time for some polymer groups, as long 
as a safe working stress of the geosynthetic is not exceeded as the strength 
decreases. Whether some geosynthetics actually become a more effective 
reinforcement with time has not been shown. 
Changes in mechanical properties with time occur through very complex 
interactions between the soil, geosynthetic and its environment and are 
caused by a number of factors including: 
1. Chemical reactions resulting from chemicals in the soil 
in which it is buried, or from chemicals having an 
external origin such as diesel fuel, chemical pollutants 
or fertilizers from agricultural applications. 
2. Sustained stress acting on the geosynthetic which 
through the mechanism of environmental stress cracking 
can significantly accelerate degradation due to chemical 
micro-organisms and light mechanisms. 
3. Micro-organisms. 
4. Aging by ultraviolet light before installation. 
Some general characteristics of polymers are summarized in Table G-1 
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Table G-2 
Summary of Mechanisms of Deterioration, Advantages 
and Disadvantages of Polyethylene, Polypropylene 









Polyethylene Environmental stress 
cracking catalized by an 
oxidizing environment; 
Oxidation 
Adsorption of Liquid 
Anti-oxidants usually 
added 
Good resistance to low 
pH environments 
Good resistance to fuels 
Susceptible to creep and stress 
relaxation; environmental stress 
Degradation due to oxidation 
catalized by heavy metals - iron. 
copper, zinc, manganese 
Degradation in strong alkaline 
environment such as concrete, 
lime and fertilizers 
Polypropylene Environmental stress 
cracking catalized by 	(2) 
an oxidizing environment; 
Oxidation; 
Adsorption of Liquid; 
Anti-oxidants usually 
added 
Good resistance to low 
and high pH environments 
- 
Susceptible to creep and stress 
relaxation; Environmental stress 
cracking 
Degradation due to oxidation 
catalized by heavy metals - 
iron, copper, 	zinc, manganese, 
etc. 
May be attacked by hydrocarbons 
such as fuels with time 
Polyester Hydrolysis - takes on 
water 
Good creep and stress 
relaxation properties 
Attacked by strong alkaline 
environment 
Notes: 1. Physical properties in general should be evaluated of the geosynthetic which can have different 
properties than the fibers. 
2. Environmental stress cracking is adversely affected by the presence of stress risers and residual stress. 
SOIL BURIAL 
Full validation of the ability of a geosynthetic used as a 
reinforcement to withstand the detrimental effects of a soil environment can 
only be obtained by placing a geosynthetic in the ground for at least three 
to five years and preferably ten years or more. One study has indicated 
that the strength of some geosynthetics might increase after about the first 
year of burial [G-1], but gradually decrease thereafter. The geosynthetic 
should be stressed to a level comparable to that which would exist in the 
actual installation. 
Relatively little of this type data presently exists. Translation of 
durability performance data from one environment to another, and from one 
geosynthetic to another is almost impossible due to the very complex 
interaction of polymer structure and environment. Different environments 
including pH, wet-dry cycles, heavy metals present, and chemical pollutants 
will have significantly different effects on various geosynthetics. In 
evaluating a geosynthetic for use in a particular environment, the basic 
mechanisms affecting degradation for each material under consideration must 
be understood. 
Long-term burial tests should be performed on the actual geosynthetic 
rather than the individual fibers from which it is made. The reduction in 
fiber tensile strength in one series of burial tests was found by Sotten 
[G-3] to be less than ten percent. The overall strength loss of the 
geotextile was up to 30 percent. Hence, geosynthetic structure and bonding 
can have an important effect on overall geosynthetic durability which has 
also been observed in other studies [G-4J. 
Hoffman and Turgeon [G-1] have reported the change in grab strength 
with time over 6 years. After six years the nonwoven polyester geotextile 
G-5 
studied exhibited no loss in strength in the machine direction (a 26 percent 
strength loss was observed in the cross-direction). The four polypropylenes 
exhibited losses of strength varying from 2 to 45 percent (machine 
direction). All geotextiles (except one nonwoven polypropylene) underwent a 
decrease in average elongation at failure varying up to 32 percent; hence 
these geotextiles became stiffer with time. Since the geosynthetics were 
used as edge drains, they were not subjected to any significant level of 
stress during the study. 
After one year of burial in peat, no loss in strength was observed for 
a polypropylene, but polyester and nylon 6.6 geotextiles lost about 30 
percent of their strength [G-5]. In apparent contradiction to this study, 
geosynthetics exposed for at least seven years showed average tenacity 
losses of 5 percent for polyethylene, 15 percent for nylon 6.6, and 30 
percent for polypropylene. Slit tape polypropylenes placed in aerated, 
moving seawater were found to undergo a leaching out of anti-oxidants if the 
tape is less than about eight microns thick [G-6]. Table G-3 shows for these 
conditions the important effects that anti-oxidants, metals and condition of 
submergence can have on the life of a polypropylene. Alternating cycles of 
wetting and drying were found to be particularly severe compared to other 
conditions. 
Burial tests for up to seven years on spunbonded, needle-punched 
nonwoven geotextiles were conducted by Colin, et al. [G-7]. The test 
specimens consisted of monofilaments of polypropylene, polyethylene and a 
mixture of polypropylene and polyamide-coated polypropylene filaments. The 
geotextiles were buried in a highly organic, moist soil having a pH of 6.7. 
Temperature was held constant at 20°C. A statistically significant decrease 
































































































































































































































































































samples. One polypropylene geotextile did indicate a nine percent average 
loss of burst strength. 
When exposed to a combination of HCL, NaOH, sunlight and burial, 
polyester nonwovens were found to be quite susceptible to degradation, 
showing strength losses of 43 to 67 percent for the polyesters compared to 
12 percent for polypropylene [G-8]. Polyester and polyproylene, when buried 
for up to 32 months, did not undergo any significant loss of mechanical 
properties [G-9]. Both low and high density polyethylene, however, became 
embrittled during this time. Stabilizers were not used, however, in any of 
these materials. 
Schneider [G-8] indicates geotextiles buried in one study for between 
four months and seven years, when subjected to stress in the field, 
underwent from five to as much as seventy percent loss in mechanical 
properties. The loss of tenacity of a number of geotextiles buried under 
varying conditions for up to ten years in France and Austria has been 
summarized by Schneider [G-8]. Typically the better performing geotextiles 
lost about 15 percent of their strength after five years, and about 30 
percent after ten years of burial. 
Summary of Test Results. Scatter diagrams showing observed long-term loss of 
strength as a function time are given in Figure G-1 primarily for 
polyproylene and polyester geotextiles. This data was obtained from 
numerous sources including [G-1,G-2,G-7,G-8,G-10]. The level of 
significance of the data was generally very low except for the nonwoven 
polypropylene geotextiles where it was 73 percent. Confidence limits, which 
admittedly are rather crude for this data, are given on the figures for the 
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In these comparisons, loss of strength was measured by a number of 
different tests including burst strength, grab strength and tenacity. The 
wide range of geosynthetics, test methods and environments included in this 
data undoubtedly account for at least some of the large scatter and poor 
statistical correlations found. As a result, only general trends should be 
observed from the data. The results indicate after 10 years the typical 
reduction in strength of a polypropylene or polyester geotextile should be 
about 20 percent; the 80 percent confidence limit indicates a strength loss 
of about 30 percent. With two exceptions, the polyester geosynthetics 
showed long-term performance behavior comparable to the polypropylenes. 
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APPENDIX H 
PRELIMINARY EXPERIMENTAL PLAN FOR FULL-SCALE FIELD TEST SECTIONS 
APPENDIX H 
PRKL1KINA1 Y EXPERIMENTAL PLAN FOR FULL-SCALE FIELD TEST SECTIONS 
INTRODUCTION 
An experimental plan is presented for evaluating in the field the 
improvement in pavement performance that can be achieved from the more 
promising techniques identified during the NCHRP 10-33 project. These 
methods of improvement are as follows: 
1. Prerutting the unstabilized aggregate base without 
reinforcement. 
2. Geogrid Reinforcement of the unstabilized aggregate 
base. The minimum stiffness of the geogrid should be 
Sg = 1500 lbs/in. (260 kN/m). 
Prestressing was also found to give similar reductions in permanent 
deformations of the base and subgrade as prerutting. Because of the high 
cost of prestressing, however, a prestressed test section was not directly 
included in the proposed experiment. If desired, it could be readily added 
to the test program as pointed out in the discussion. The inclusion of a 
non-woven geosynthetic reinforced section would be a possibility if 
sufficient funds and space are available to compare its performance with the 
geogrid reinforcement proposed. The stiffness of the geotextile should be 
at least 1500 lbs/in. (260 kN/m) and preferably 3000 to 4000 lbs/in. (500-
700 kN/m). 
TEST SECTIONS 
The layout of the ten test sections proposed for the experiment are 
shown in Figure H-1. The experiment is divided into two parts involving (1) 
five test sections constructed using a high quality aggregate base, and (2) 
tl 
oG E 
c0 	 0 
C.) E 	 c3 




00 c--) 	 c0 
o 	 (1) cn 	
•,-1 
u. a12 	 $.4 X 

















4-■ 0 0 
"01 u.4 	0 
cl:1 
a.) 	1-1 0 	• 0 
"0 co I. "0 
CO o a) 
4-1 —4 Po 
.6., 0 
Ft L. 	IJ 4-4 
4.1 1:10 ccl 0 0 0 	 0 I. 0 cu 
C.. u ao C a1Q 





   










































   

















five test sections constructed using a low quality aggregate base 
susceptible to rutting. A control section is included as one of the test 
sections for each base type. 
All test sections, except Section 10, are to be constructed using a 2.5 
in. (64 mm) asphalt concrete surfacing and a 10 in. (250 mm) unstabilized 
aggregate base. Test Section 10, which is to be prerutted, is to have a 4.5 
in. (114 mm) thick asphalt surfacing and an 8 in. (200 mm) low quality 
aggregate base. Although not shown, it would be quite desirable to include 
a companion control section. An even stronger structural section might be 
included in the experiment if sufficient space and funds are available. 
Also, use of a geogrid and nonwoven fabric together could be studied to 
provide reinforcement, separation and filtration capability. 
Test Sections 1 to 5 should be placed over a soft subgrade having a CBR 
of about 2.5 to 3.0 percent. Extensive vane shear, cone penetrometer or 
standard penetration resistance tests should be conducted within the 
subgrade at close intervals in each wheel track of the test sections. The 
purpose of these tests is to establish the variability of the subgrade 
between each section. 
The test sections should be a minimum of 100 ft. (32 m) in length with 
a transition at least 25 ft. (8 m) in length between each section. Longer 
test sections are encouraged. The high quality base experiment could be 
placed on one side of the pavement and the low quality base experiment on 
the other to conserve space. 
A careful quality control program should be conducted to insure 
uniform, high quality construction is achieved for each test section. 
Measurements should also be made to establish as-constructed thicknesses of 
each layer of the test sections. A Falling Weight Deflectometer (FWD), 
H-4 
device, should be used to evaluate the as-constructed stiffness of each 
section. The. reinforced sections should have similar stiffnesses to the 
control sections. The FWD tests will serve as an important indicator of any 
variation in pavement strength between test sections. 
High Quality Base Sections. Two prerutted sections and two reinforced 
sections are included in the high quality base experiment. The high quality 
base section study is designed to investigate the best pattern to use for 
prerutting, number of passes required, and the optimum position for 
geosynthetic reinforcement. Prerutting would be carried out for an 
aggregate base thickness of about 7 in. (180 mm). After prerutting, 
additional aggregate would be added to bring the base to final grade, and 
then densified again by a vibratory roller. Prerutting would be 
accomplished in Test Section 1 by forming two wheel ruts in each side of the 
single lane test section. The ruts would be about 12 in. (200-300 mm) 
apart. A heavy vehicle having single tires on each axle should be used. In 
Section 5, which is also prerutted, a single rut should be formed in each 
side of the lane. In each test section, prerutting should be continued 
until a rut depth of approximately 2 in. (50 mm) is developed. Optimum 
depth of prerutting is studied in the low quality base experiment; it could 
also be included in this study. 
Sections 2 and 3 have geogrid reinforcement at the center and bottom of 
the base, respectively. The minimum stiffness of the geogrid should be S g = 
1500 lbs/in. (260 kN/m). If desired, Section 2 could be prestressed. 
Low Quality Base Section. 	This experiment is included in the study to 
establish, in the field, the improvement in performance that can be obtained 
by either prerutting or reinforcing a low quality base. A good subgrade 
could be used rather than a weak one for this experiment. 
Two prerutted sections are included in the study to allow determination 
of the influence of prerut depth on performance. Section 6 should be 
prerutted to a depth of about 1.5-2 in. (37-50 mm), while Section 7 should 
be prerutted to a depth of about 3 in. (90 mm). 
In Section 9 a geogrid reinforcement (S g > 1500 lbs/in.; 260 kN/m) 
would be placed at the center of the base. Section 10 is included in the 
experiment to determine whether or not improved performance due to 
prerutting is obtained for heavier pavement sections. 
MEASUREMENTS 
The primary indicators of pavement test section performance are surface 
rutting and fatigue cracking. Both of these variables should be carefully 
measured periodically throughout the study. Use of a surface profilometer, 
similar to the one described in Appendix D, is recommended in addition to 
the manual measurement of rut depth. 
Much valuable information can be gained through a carefully designed 
instrumentation program demonstrated during the experiments conducted as a 
part of this study. Such a program is therefore recommended. The 
instrumentation layout for one test section should be similar to that shown 
in Figure H-2. In general, a duplicate set of instruments is provided to 
allow for instrumentation loss during installation and instrument 
malfunction. 
The following instrumentation should be used for each test section. 
Inductance Bison strain coils should be employed to measure both permanent 
and resilient deformations in each layer (Figure H-2). At least one pair of 
strain coils (preferably two) should be placed in the bottom of the 
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Figure H-2. Preliminary Instrument Plan for Each Test Section. 
H-7 
be used to measure vertical stress on top of the subgrade. Although quite 
desirable, the two vertically oriented pressure cells in the base shown in 
Figure H-2 could be omitted for reasons of economy. In addition to using 
strain coils, wire resistance strain gages should also be employed to 
directly measure strain in the geogrid reinforcement. 
Tensile strain in the bottom of the asphalt concrete should be measured 
using embedment type wire resistance strain gages. The embedment gages 
should be oriented perpendicular to the direction of the traffic. 
Thermocouples for measuring temperature should be placed in each 
section, and measurements made each time readings are taken. Placement of 
moisture gages in the subgrade would also be desirable. 
MATERIAL PROPERTIES 
The following laboratory material properties should as a minimum be 
evaluated as a part of the materials evaluation program: 
1. Mix design characteristics of the asphalt concrete 
surfacing. 
2. Resilient and permanent deformation characteristics of 
the low and high quality aggregate base and also of the 
subgrade. 
3. Shear strength and water content of the subgrade beneath 
each test sections. 
4. Stress-strain and strength of the geogrid reinforcement 
as determined by a wide width tension test. 
5. Friction characteristics of the geogrid reinforcement as 
determined by a direct shear test. 
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ABSTRACT 
This study was primarily concerned with the geosynthetic reinforcement 
of an aggregate base of a surfaced, flexible pavement. Separation, 
filtration and durability were also considered. Specific methods of 
reinforcement evaluated included (1) reinforcement placed within the base, 
(2) pretensioning a geosynthetic placed within the base, and (3) prerutting 
the aggregate base with and without reinforcement. Both large-scale 
laboratory pavement tests and an analytical sensitivity study were 
conducted. A linear elastic finite element model having a cross-
anisotropic aggregate base gave a slightly better prediction of response 
than a nonlinear finite element model having an isotropic base. 
The greatest benefit of reinforcement appears to be due to small 
changes in radial stress and strain in the base and upper 12 in. of the 
subgrade. Greatest improvement occurs when the material is near failure. A 
geogrid performed differently and considerably better than a much stiffer 
woven geotextile; geogrid stiffness should be at least 1500 lbs/in. compared 
to about 4000 lbs/in. for a woven geotextile. Reinforcement is effective 
for reducing rutting in light sections having Structural Numbers less than 
2.5 to 3 placed on weak subgrades (CBR < 3 percent). As the strength of the 
section increases, the potential benefits of reinforcement decrease. For 
somewhat stronger sections, whether reinforcement is effective in reducing 
rutting where low quality bases and/or weak subgrades are present needs to 
be established by field trials. Both prerutting and prestressing the 
aggregate base were found, experimentally, to significantly reduce permanent 
deformations. Prerutting without reinforcement gave performance equal to 
ix 
that of prestressing and significantly better than just reinforcement. 
Prerutting is relatively inexpensive to perform and deserves further 
evaluation. 
SUMMARY 
This study was primarily concerned with the geosynthetic reinforcement 
of an aggregate base of a surfaced, flexible pavement. Specific methods of 
improvement evaluated included (1) geotextile and geogrid reinforcement 
placed within the base, (2) pretensioning a geosynthetic placed within the 
base, and (3) prerutting the aggregate base either with or without 
geosynthetic reinforcement. The term geosynthetic as used in this study 
refers to either geotextiles or geogrids manufactured from polymers. 
REINFORCEMENT 
Both large-scale laboratory pavement tests and an analytical 
sensitivity study were conducted. The analytical sensitivity study 
considered a wide range of pavement structures, subgrade strengths and 
geosynthetic stiffnesses. The large-scale pavement tests consisted of a 1.0 
to 1.5 in. (25-38 mm) thick asphalt surfacing placed over a 6 or 8 in. (150-
200 mm) thick aggregate base. The silty clay subgrade used had a CBR of 
about 2.5 percent. A 1500 lb. (6.7 kN) moving wheel load was employed in 
the laboratory experiments. 
Analytical Modeling. Extensive measurements of pavement response from this 
study and also a previous one were employed to select the most appropriate 
analytical model for use in the sensitivity study. The accurate prediction 
of tensile strain in the bottom of the base was found to be very important. 
Larger strains cause greater forces in the geosynthetic and more effective 
reinforcement performance. A linear elastic finite element model having a 
cross-anisotropic aggregate base was found to give a slightly better 
prediction of tensile strain and other response variables than a nonlinear 
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finite element model having an isotropic base. The resilient modulus of the 
subgrade was found to very rapidly increase with depth. The low resilient 
modulus existing at the top of the subgrade causes a relatively large 
tensile strain in the bottom of the aggregate base and hence much larger 
forces in the geosynthetic than for a subgrade whose resilient modulus is 
constant with depth. 
The model assumed a membrane reinforcement with appropriate friction 
factors on the top and bottom. This models a membrane such as a woven 
geotextile. Geogrids, however, were found to perform differently than a 
woven geotextile. More analytical and experimental research is required to 
define the mechanisms of improvement associated with geogrids and develop 
suitable models. 
Mechanisms of Reinforcement. The effects of geosynthetic reinforcement on 
stress, strain and deflection are all relatively small for pavements 
designed to carry more than about 200,000 equivalent 18 kip (80 kN) single 
axle loads. As a result, geosynthetic reinforcement of an aggregate base 
will in general have relatively little effect on overall pavement stiffness. 
A modest improvement in fatigue life can be gained from geosynthetic 
reinforcement. The greatest beneficial effect of reinforcement appears to 
be due to small changes in radial stress and strain together with slight 
reductions of vertical stress in the aggregate base and on top of the 
subgrade. Reinforcement of a thin pavement (SN = 2.5 to 3) on a weak 
subgrade (CBR 5. 3 percent) can potentially reduce the permanent 
deformations in the subgrade and/or the aggregate base by significant 
amounts. As the strength of the pavement section increases and/or the 
materials become stronger, the state of stress in the aggregate base and the 
subgrade moves away from failure. As a result, the improvement caused by 
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reinforcement rapidly becomes small. Reductions in rutting due to 
reinforcement occur in only about the upper 12 in. (300 mm) of the subgrade. 
Forces developed in the geosynthetic are relatively small, typically being 
less than about 30 lbs/in. (5 kN/m). 
Type and Stiffness of Geosynthetic. The experimental results indicate that 
a geogrid having an open mesh has the reinforcing capability of a woven 
geotextile having a stiffness approximately 2.5 times as great as the 
geogrid. Hence geogrids perform differently than woven geotextiles. 
Therefore, in determining the beneficial effects of geogrids, a 
reinforcement stiffness 2.5 times the actual one should be used in the 
figures and tables. From the experimental and analytical findings, the 
minimum stiffness to be used for aggregate base reinforcement applications 
should be about 1500 lbs/in. (260 kN/m) for geogrids and 4000 lbs/in. (700 
kN/m) for woven geotextiles. Geosynthetic stiffness S g is defined as the 
force in the geosynthetic per unit length at 5 percent strain divided by the 
corresponding strain. 
Reinforcement Improvement. 	Light to moderate strength sections placed on 
weak subgrades having a CBR 3 percent (E s = 3500 psi; 24 MN/m2 ) are most 
likely to be improved by geosynthetic reinforcement. The structural section 
in general should have AASHTO Structural Numbers no greater than about 2.5 
to 3 if reduction in subgrade rutting is to be achieved by geosynthetic 
reinforcement. 	As the structural number and subgrade strength decreases 
below these values, the improvement in performance due to reinforcement 
should rapidly become greater. Strong pavement sections placed over good 
subgrades would not, in general, be expected to show any significant level 
of improvement due to geosynthetic reinforcement of the type studied. Also, 
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sections with asphalt surface thicknesses much greater than about 2.5 to 3.5 
in. (64-90 mm) would in general be expected to exhibit relatively little 
improvement even if placed on relatively weak subgrades. Some stronger 
sections having low quality bases and/or weak subgrades may be improved by 
reinforcement, but this needs to be established by field trials. 
Improvement Levels. 	Light sections on weak subgrades reinforced with 
geosynthetics having woven geotextile stiffnesses of about 4000 to 6000 
lbs/in. (700-1000 kN/m) can give reductions in base thickness on the order 
of 10 to 20 percent based on equal strain criteria in the subgrade and 
bottom of the asphalt surfacing. For light sections, this corresponds to 
actual reductions in base thickness of about 1 to 2 in. (25-50 mm). For 
weak subgrades and/or low quality bases, total rutting in the base and 
subgrade of light sections might, under ideal conditions, be reduced on the 
order of 20 to 40 percent. Considerably more reduction in rutting occurs 
for the thinner sections on weak subgrades than for heavier sections on 
strong subgrades. 
Low Quality Base. 	Geosynthetic reinforcement of a low quality aggregate 
base can, under the proper conditions, reduce rutting. The asphalt surface 
should in general be less than about 2.5 to 3.5 in. (64-90 mm) in thickness 
for the reinforcement to be most effective. Field trials are required to 
establish the benefits of reinforcing heavier sections having low quality 
bases. 
Geosynthetic Position. 	For light pavement sections constructed with low 
quality aggregate bases, the reinforcement should be in the middle of the 
base to minimize rutting, particularly if a good subgrade is present. For 
pavements constructed on soft subgrades, the reinforcement should be placed 
4 
at or near the bottom of the base. This would be particularly true if the 
subgrade is known to have rutting problems, and the base is of high quality 
and well compacted. 
PRERUTTING AND PRESTRESSING 
Both prerutting and prestressing the geosynthetic were found, 
experimentally, to significantly reduce permanent deformations within the 
base and subgrade. Stress relaxation over a long period of time, however, 
might significantly reduce the effectiveness of prestressing the 
geosynthetic. The laboratory experiments indicate prerutting without 
reinforcement gives performance equal to that of prestressing, and 
significantly better performance compared to the use of stiff to very stiff, 
non-prestressed reinforcement. The cost of prerutting an aggregate base at 
one level would be on the order of 50 to 100 percent of the inplace cost of 
a stiff geogrid (S g = 1700 lbs/in.; 300 kN/m). The total expense associated 
with prestressing an aggregate base would be on the order of 5 or more times 
that of prerutting the base at one level when a geosynthetic reinforcement 
is not used. Full-scale field experiments should be conducted to more fully 
validate the concept of prerutting and develop appropriate prerutting 
techniques. 
SEPARATION AND FILTRATION 
Separation problems involve the mixing of an aggregate base/subbase 
with an underlying weak subgrade. They usually occur during construction of 
the first lift of the granular layer. Large, angular open-graded aggregates 
placed directly upon a soft or very soft subgrade are most critical with 
respect to separation. Either a properly designed sand or geotextile filter 
can be used to maintain a reasonably clean interface. Both woven and 
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nonwoven geotextiles have been found to adequately perform the separation 
function. 
When an open-graded drainage layer is placed above the subgrade, the 
amount of contamination due to fines being washed into this layer must be 
minimized by use of a filter. A very severe environment with respect to 
subgrade erosion exists beneath a pavement which includes reversible, 
possibly turbulent, flow conditions. The severity of erosion is dependent 
upon the structural thickness of the pavement, which determines the stress 
applied to the subgrade and also the number of load applications. Sand 
filters used for filtration, when properly designed, may perform better than 
geoextile filters, although satisfactorily performing geotextiles can 
usually be selected. Thick nonwoven geotextiles perform better than thin 
nonwovens or wovens, partly because of their three-dimensional effect. 
DURABILITY 
Strength loss with time is highly variable and depends upon many 
factors including material type, manufacturing details, stress level, and 
the local environment in which it is placed. Under favorable conditions the 
loss of strength of geosynthetics on the average is about 30 percent in the 
first 10 years; because of their greater thickness, geogrids might exhibit a 
lower strength loss. For separation, filtration and pavement reinforcement 
applications, geosynthetics, if selected to fit the environmental 
conditions, should generally have at least a 20 year life. For 
reinforcement applications, geosynthetic stiffness is the most important 
structural consideration. Some geosynthetics become more brittle with time 
and actually increase in stiffness. Whether better reinforcement 
performance will result has not been demonstrated. 
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ADDITIONAL RESEARCH 
Geogrid reinforcement and prerutting the base of non-reinforced 
sections appears to be the most promising methods studied for the 
reinforcement of aggregate bases. Mechanistically, geogrids perform 
differently than the analytical model used in this study to develop most of 
the results. Therefore, the recommendation is made that full-scale field 
tests be conducted to further explore the benefits of these techniques. A 
proposed preliminary guide for conducting field tests is given in Appendix 
H. Additional research is also needed to better define the durability of 
geosynthetics under varying stress and environmental conditions. 
7 
CHAFFER 
INTRODUCTION AND RESEARCH APPROACH 
The geotextile industry in the United States presently distributes 
over 1000 million square yards (0.85 x 10 9 m2 ) of geotextiles annually. 
Growth rates in geotextile sales during the 1980's have averaged about 20 
percent each year. Both nonwoven and woven geotextile fabrics are made from 
polypropylene, polyester, nylon and polyethylene. These fabrics have widely 
varying material properties including stiffness, strength, and creep 
characteristics [1] (1) . More recently polyethylene and polypropylene 
geogrids have been introduced in Canada and then in the United States [2]. 
Geogrids are manufactured by a special process, and have an open mesh with 
typical rib spacings of about 1.5 to 4.5 inches (38-114 mm). The 
introduction of geogrids, which are stiffer than the commonly used 
geotextiles, has lead to the use of the general term "geosynthetic" which 
can include both geotextiles, geogrids, geocomposites, geonets and 
geomembranes. As used in this report, however, geosynthetics refer to 
geotextiles and geogrids. 
Because of their great variation in type, composition, and resulting 
material properties, geotextiles have a very wide application in civil 
engineering in general and transportation engineering in particular. Early 
civil engineering applications of geosynthetics were primarily for drainage, 
erosion control and haul road or railroad construction [3,4]. With time 
many new uses for geosynthetics have developed including the reinforcement 
of earth structures such as retaining walls, slopes and embankments [2,5,6]. 
1. The numbers given in brackets refer to the references presented in 
Appendix A. 
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The application of geosynthetics for reinforcement of many types of 
earth structures has gained reasonably good acceptance in recent years. 
Mitchell, et al. [6] have recently presented an excellent state-of-the-art 
summary of the reinforcement of soil structures including the use of 
geosynthetics. 
A number of studies have also been performed to evaluate the use of 
geosynthetics for overlays [7-12]. Several investigations have also been 
conducted to determine the effect of placing a geogrid within the asphalt 
layer to prolong fatigue life and reduce rutting [12,13]. The results of 
these studies appear to be encouraging, particularly with respect to the use 
of stiff geogrids as reinforcement in the asphalt surfacing. 
Considerable interest presently exists among both highway engineers and 
manufacturers for using geosynthetics as reinforcement for flexible 
pavements. At the present time, however, relatively little factual informa-
tion has been developed concerning the utilization of geosynthetics as 
reinforcement in the aggregate base. An important need presently exists for 
establishing the potential benefits that might be derived from the 
reinforcement of the aggregate base and the conditions necessary for 
geosynthetic reinforcement to be effective. 
OBJECTIVES OF RESEARCH 
One potential application of geosynthetics is the improvement in 
performance of flexible pavements by the placement of a geosynthetic either 
within or at the bottom of an unstabilized aggregate base. The overall 
objective of this research project is to evaluate, from both a theoretical 
and practical viewpoint, the potential structural and economic advantages of 
geosynthetic reinforcement within a granular base of a surfaced, flexible 
pavement structure. The specific objectives of the project are as follows: 
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1. Perform an analytical sensitivity study of the influence 
due to reinforcement of pertinent design variables on 
pavement performance. 
2. Verify using laboratory tests the most promising 
combination of variables. 
3. Develop practical guidelines for the design of flexible 
pavements having granular bases reinforced with 
geosynthetics including economics, installation and 
longterm durability aspects. 
4. Develop a preliminary experimental plan including layout 
and instrumentation for conducting a full-scale field 
experiment to verify and extend to practice the most 
promising findings of this study. 
RESEARCH APPROACH 
To approach this problem in a systematic manner, consideration had to 
be given to the large number of factors potentially affecting the overall 
longterm behavior of a geosynthetic reinforced, flexible pavement structure. 
Of these factors, the more important ones appeared to be geosynthetic type, 
stiffness and strength, geosynthetic location within the aggregate base, and 
the overall strength of the pavement structure. Longterm durability of the 
geosynthetic was also felt to be an important factor deserving 
consideration. 	Techniques to potentially improve geosynthetic performance 
within a pavement deserving consideration in the study included (1) 
prestressing the geosynthetic, and (2) prerutting the geosynthetic. The 
potential effect on performance of geosynthetic slack which might develop 
during construction and also slip between the geosynthetic and surrounding 
materials were also included in the study. 
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The potential importance of all of the above factors on pavement 
performance clearly indicates geosynthetic reinforcement of a pavement is a 
quite complicated problem. Further, the influence of the geosynthetic 
reinforcement is relatively small in terms of its effect on stresses and 
strains within the pavement. As a result, caution must be exercised in a 
study of this type in distinguishing between conditions which will and will 
not result in improved performance due to reinforcement. 
The general research approach taken is summarized in Figure 1. The 
most important variables affecting geosynthetic performance were first 
identified, including both design and construction related factors. An 
analytical sensitivity study was then conducted, followed by large-scale 
laboratory tests. Emphasis in the investigation was placed on identifying 
the mechanisms associated with reinforcement and their effect upon the 
levels of improvement. 
The analytical sensitivity studies permitted carefully investigating 
the influence on performance and design of all the important variables 
identified. 	The analytical studies were essential for extending the 
findings to include practical pavement design considerations. 
The large-scale laboratory tests made possible verification of the 
general concept and mechanisms of reinforcement. They also permitted 
investigation, in an actual pavement, of factors such as prerutting and 
prestressing of the geosynthetic which are difficult to model theoretically 
and hence require verification. 
A nonlinear, isotropic finite element pavement idealization was 
selected for use in the sensitivity study. This analytical model permitted 
the inclusion of a geosynthetic reinforcing membrane at any desired location 
within the aggregate layer. 	As the analytical study progressed, feedback 
11 
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Figure 1. General Approach Used Evaluating Geosynthetic 
Reinforcement of Aggregate Bases for Flexible 
Pavements. 
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from the laboratory test track study and previous investigations showed that 
adjustments in the analytical model were required to yield better agreement 
with observed response. This important feedback loop thus improved the 
accuracy and reliability of the analysis. As a result, a linear elastic, 
cross-anisotropic model was employed for most of the sensitivity study which 
agreed reasonably well with the observed experimental test section response. 
Lateral tensile strain developed in the bottom of the aggregate base and 
the tensile strain in the geosynthetic were considered to be two of the more 
important variables used to verify the cross-anisotropic model. 
The analytical model was employed to develop equivalent pavement 
structural designs for a range of conditions comparing geosynthetic 
reinforced sections with similar non-reinforced ones. The equivalent 
designs were based on maintaining the same strain in the bottom of the 
asphalt surfacing and at the top of the subgrade. Permanent deformation in 
both the aggregate base and the subgrade was also evaluated. The analytical 
results were then carefully integrated together with the large-scale 
laboratory test studies. A detailed synthesis of the results was then 
assembled drawing upon the findings of both this study and previous 
investigations. This synthesis includes all important aspects of 
reinforcement such as the actual mechanisms leading to improvement, the role 
of geosynthetic stiffness, equivalent structural designs and practical 




The potential beneficial effects of employing a geosynthetic as a 
reinforcement within a flexible pavement are investigated in this Chapter. 
The only position of the reinforcement considered is within an unstabilized 
aggregate base. Presently the important area of reinforcement of pavements 
is rapidly expanding, perhaps at least partially due to the emphasis 
presently being placed in this area by the geosynthetics industry. 
Unfortunately, relatively little factual information is available to assist 
the designer with the proper utilization of geosynthetics for pavement 
reinforcement applications. 
The potentiaL beneficial effects of aggregate base reinforcement are 
investigated in this study using both an analytical finite element model, 
and by a large scale laboratory test track study. The analytical 
investigation permits a broad range of variables to be considered including 
development of structural designs for reinforced pavement sections. The 
laboratory investigation was conducted to verify the general analytical 
approach and to also study important selected reinforcement aspects in 
detail using simulated field conditions including a moving wheel loading. 
The important general pavement variables considered in this phase of 
the investigation were as follows: 
1. Type and stiffness of the geosynthetic reinforcement. 
2. Location of the reinforcement within the aggregate base. 
3. Pavement thickness. 
4. Quality of subgrade and base materials as defined by their 
resilient moduli and permanent deformation characteristics. 
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5. Slip at the interface between the geosynthetic and surrounding 
materials. 
6. Influence of slack left in the geosynthetic during field 
placement. 
7. Prerutting the geosynthetic as a simple means of removing slack 
and providing a prestretching effect. 
8. Prestressing the geosynthetic. 
Potential improvement in performance is evidenced by an overall 
reduction in permanent deformation and/or improvement in fatigue life of the 
asphalt surfacing. For the laboratory test track study, pavement 
performance was accessed primarily by permanent deformation including the 
total amount of surface rutting, and also the individual rutting in the base 
and subgrade. In the analytical studies, equivalent pavement designs were 
developed for geosynthetic reinforced structural sections compared to 
similar sections without reinforcement. Equivalent sections were 
established by requiring equal tensile strain in the bottom of the asphalt 
layer for both sections; constant vertical subgrade strain criteria were 
also used to control subgrade rutting. Finally, an analytical procedure was 
also employed to evaluate the effects of geosynthetic reinforcement on 
permanent deformations. A detailed synthesis and interpretation of the many 
results presented in this chapter is given in Chapter III. 
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LITERATURE REVIEW - REINFORCEMENT OF ROADWAYS 
UNSURFACED ROADS 
Geosynthetics are frequently used as a reinforcing element in 
unsurfaced haul roads. Tests involving the reinforcement of unsurfaced 
roads have almost always shown an improvement in performance. These tests 
have been conducted at the model scale in test boxes [3,13,14], in large 
scale test pits [16,18-20], and full-scale field trials [21-26,42]. 	The 
economics of justifying the use of a geosynthetic must, however, be 
considered for each application [26]. Beneficial effects are greatest when 
construction is on soft cohesive soils, typically characterized by a CBR 
less than 2 percent. Although improved performance may still occur, it is 
usually not as great when stronger and thicker subbases are involved [24]. 
Mechanisms of Behavior  
Bender and Barenberg [3] studied the behavior of soil-aggregate and 
soil-fabric-systems both analytically and in the laboratory. They 
identified the following four principal mechanisms of improvement when a 
geosynthetic is placed between a haul road fill and a soft subgrade: 
1. Confinement and reinforcement of the fill layer 
2. Confinement of the subgrade 
3. Separation of the subgrade and fill layer 
4. Prevention of contamination of the fill by fine particles. 
The reinforcement of the fill layer was attributed primarily to the high 
tensile modulus of the geotextile element. This finding would of course 
apply for either geotextile or geogrid reinforcement. 
Bender and Barenberg [3] concluded, for relatively large movements, a 
reinforcing element confines the subgrade by restraining the upheaval 
16 
generally associated with a shear failure. Confinement, frequently referred 
to as the tension membrane effect, increases the bearing capacity of the 
soil as illustrated in Figures 2 and 3. The importance of developing large 
rut depths (and hence large fabric strain) was later confirmed by the work 
of Barenberg [27] and Sowers, et al., [28]. The work of Bender and 
Barenberg [3] indicated that over ground of low bearing capacity having a 
CBR less than about 2 percent, the use of a geotextile could enable a 30 
percent reduction in aggregate depth. Another 2 to 3 inch (50-70mm) 
reduction in base thickness was also possible since aggregate loss did not 
occur during construction of coarse, uniform bases on very soft subgrades. 
Later work by Barenberg [27] and Lai and Robnett [29] emphasized the 
importance of the stiffness of the geotextile, with greater savings being 
achieved with the use of a stiffer reinforcement. 
Structural Performance - Full-Scale Experimental Results  
Relatively few full-scale field tests have been conducted to verify the 
specific mechanisms which account for the observed improvement in 
performance of geosynthetic reinforced haul roads. Ramalho-Ortigao and 
Palmeira [26] found, for a geotextile reinforced haul road constructed on a 
very soft subgrade, that approximately 10 to 24 percent less cohesive fill 
was required when reinforcement was used. Webster and Watkins [25] observed 
for a firm clay subgrade that one geotextile reinforcement increased the 
required repetitions to failure from 70 to 250 equivalent 18-kip (80 kN) 
axle loads; use of another geotextile increased failure to 10,000 
repetitions. Ruddock, et al. [21] found plastic strains in the subgrade to 
be reduced by the presence of a geotextile. Nevertheless, the conservative 
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(a) Subgrade E s = 3500 psi 
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(b) Subgrade E s = 12,500 psi 
Figure 6. 	Variation of Radial Stress at Top of Subgrade with Radial 
Distance from Centerline (Tension is Positive). 
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subgrade having a CBR of about 10 percent (E s = 12,500 psi; 86 kN/m2 ), small 
radial stresses occur regardless of the presence of geosynthetic 
reinforcement (Figure 6). 
General Response. Figures 7 through 9 summarize the effect of geosynthetic 
reinforcement on the tensile strain in the bottom of the asphalt and the 
vertical compressive strain on top of the subgrade. Equivalent structural 
sections can be readily estimated as shown in Figures 7 and 8 by selecting a 
reduced aggregate base thickness for a reinforced section that has the same 
level of strain as in the corresponding unreinforced section. To develop a 
set of design curves for the three levels of geosynthetic stiffnesses 
requires a total of twelve finite element computer analyses. 
Figure 10 shows for the same sections as compared in Figure 7 the 
reduction in radial tensile stress caused in the bottom of the aggregate 
base due to reinforcement. The actual magnitude of the change in radial 
stress in the bottom of the aggregate base is about 10 to 20 percent of that 
occurring in the subgrade. An exception is the section having the stiff 
subgrade where the difference was much less, with the stresses being very 
small. 
Geosynthetic Position. The pavement response was also determined for 
geosynthetic reinforcement locations at the lower 1/3 and upper 2/3 
positions within the aggregate base in addition to the bottom of the base. 
The theoretical effect of reinforcement position on the major response 
variables is summarized in Table 6 for the three levels of geosynthetic 
stiffness used in the study. The effect of position was only studied for 
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The influence of reinforcement position on horizontal tensile strain in 
the bottom of the asphalt and vertical compressive strain on top of the 
subgrade is given in Figures 11 and 12 for the 1/3 up from the bottom of the 
aggregate base position and the 2/3 position. 
Slack. 	To determine the effect on performance, three different levels of 
slack in the geosynthetic were analyzed using the nonlinear finite element 
model. Slack levels of 0.25, 0.75 and 1.4 percent strain were chosen for 
the analysis. As wheel load is applied in the field, the geosynthetic would 
gradually start to deform and begin picking up some of this load. The force 
on the geosynthetic should increase slowly at first, with the rate at which 
it is picked up becoming greater with the applied strain level. This type 
of geosynthetic load-strain behavior was modeled using a smoothly varying 
interpolation function as shown in Figure 13 for the 0.25 and 0.75 percent 
slack level. 	The results of the slack sensitivity study for the stronger 
subgrade is summarized in Table 7. The relative effects of slack on force 
in the geosynthetic were found to be similar for the stiff subgrade shown in 
Table 7 and also a weaker subgrade having E s = 3.5 ksi (24 MN/m2 ). 
Poisson's Ratio. The literature was found to contain little information on 
the value of Poisson's ratio of geosynthetics, or its effect on the response 
of a reinforced pavement. A limited sensitivity study was therefore 
conducted for Poisson's ratios of v = 0.2, 0.3 and 0.4. A geosynthetic was 
used having an actual stiffness of 6000 lbs/in.(1 MN/m). The resulting 
radial stress in the top of the subgrade as a function of Poisson's ratio of 
the geosynthetic is shown in Figure 14. 
Base Quality. A supplementary sensitivity study was conducted to determine 
the effect of base quality on the performance of geosynthetic reinforced 
42 
Table 7 














2.5/9.72 12.3 6000 10.4 1.9 0.9 0 (2) 
9000 13.3 - - 0 
2.5/12.0 12.4 6000 6.3 1.34 - 0 (2) 
9000 10.6 - - 0 
2.5/15.3 12.4 6000 6.3 0.4 - 0
(2) 
9000 8.5 - - 0.4 
Notes: 1. The initial stiffness of each geosynthetic was assumed to be 
Ss • 300 lbs/in. rather than zero. The atiffnesses shown are 
to limiting stiffnesses at the strain level where all the 
slack has been taken out; this strain level corresponds to 
the slack indicated. 
2. Zero stress is inferred from the results obtained from the 
results for S8  • 9000 lbs/in. 
3. The numbers 2.5/9.72, for example, indicate a 2.5 in. asphalt 
surfacing and a 9.72 in. aggregate base. 
4. Base characterized using high quality properties (Table C-5, 
Appendix C). 
5. Subgrade characterized by bilinear properties (Table C-5, 
Appendix C). 
Table 8 
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Diff. 	(B)  
Good Base 
Diff. 	(I) 
2.5 IN. AC SURFACING 	3500 PSI SUBGRADE 
15.3 -11 -12 -8 -6.5 -11 
-..- 
-22 -2.0 -4 
12.0 -11 -12 -10 - 8 -4.1 -30 
/ 
-2.6 -6 
9.75 -11 -14 -13 -12 -19.8 -39 3-7 -10 
7 \ 
Note: 1. Cross-anisotrooio analysis; 2.5 in. AC surfacing; 3.5 ksi subgrade; Nodular ratio Eb /Es ■ 1.45. 
2. Reduction in permanent deformation of the aggregate base and subgrade. 
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Figure 13. Geosynthetic Slack Force - Strain Relations Used in Nonlinear 
Model. 
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Figure 14. Variation of Radial Stress a
r 
With Poisson's Ratio (Tension 
is Positive). 
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pavements. For this study the subgrade used had a resilient modulus E s = 
3500 psi (24 MN/m 2 ). A nonlinear finite element analysis indicated that a 
low quality base has a modular ratio between the aggregate base (E b ) and the 
subgrade (E s ) of about Eb/Es = 1 to 1.8 as compared to the average Eb/E s = 
2.5 used as the standard modular ratio in the cross-anisotropic analyses. 
The results of this study, which employed a modular ratio of 1.45, are 
summarized in Table 8. 
Prestressed Geosynthetic  
An interesting possibility consists of prestressing the aggregate base 
using a geosynthetic to apply the prestressing force [35,36]. The 
prestressing effect was simulated in the finite element model at both the 
bottom and the middle of the aggregate base. Once again, the same light 
- reference pavement section was used consisting of a 2.5 in. (64 mm) asphalt 
surfacing, a variable thickness aggregate base, and a homogeneous subgrade 
having a resilient modulus E s = 3500 psi (24 MN/m-). The cross-anisotropic, 
axisymmetric finite element formulation was once again used for the 
prestress analysis. A net prestress force on the geosynthetic of either 10, 
20 or 40 lbs/in. (2,4,7 kN/m) was applied in the model at a distance of 45 
in (1140 mm) from the center of loading. 
Theory shows that the force in a stretched axisymmetric membrane should 
vary linearly from zero at the center to a maximum value along the edges. 
Upon releasing the pretensioning force on the geosynthetic, shear stresses 
are developed along the length of the geosynthetic as soon as it tries to 
return to its unstretched position. These shear stresses vary approximately 
linearly from a maximum at the edge to zero at the center, provided slip of 
the geosynthetic does not occur. The shear stresses transferred from the 
geosynthetic to the pavement can be simulated by applying statically 
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equivalent concentrated horizontal forces at the node points located along 
the horizontal plane where the geosynthetic is located. 
In the analytical model the effect of the prestretched geosynthetic was 
simulated entirely by applying appropriately concentrated forces at node 
points. The external wheel load which was applied would cause a tensile 
strain in the geosynthetic and hence affect performance of the prestressed 
system. The tensile strain in the geosynthetic caused by the load was 
neglected in the prestress analysis; other effects due to the wheel loading 
were not neglected. The geosynthetic membrane effect due to external 
loading that was neglected would reduce the prestress force, but improve 
performance due to the reinforcing effect of the membrane. 
In the prestress model the outer edge of the finite element mesh used 
to represent the pavement was assumed to be restrained in the horizontal 
directions. This was accomplished by placing rollers along the exterior 
vertical boundary of the finite element grid. Edge restraint gives 
conservative modeling with respect to the level of improvement caused by the 
geosynthetic. The benefits derived from prestressing should actually fall 
somewhere between a fixed and free exterior boundary condition. 
The important effect of prestressing either the middle or the bottom of 
the aggregate base on selected stresses, strains, and deflections within 
each layer of the pavement is summarized in Table 9. Comparisons of tensile 
strain in the asphalt layer and vertical compressive strain in the top of 
the subgrade are given in Figure 15 for a geosynthetic stretching force of 
20 lbs/in. (3.5 kN/m). To reduce tensile strain in the asphalt surface or 
reduce rutting of the base, prestressing the middle of the layer is more 
effective than prestressing the bottom. On the other hand, if subgrade 
47 
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deformation is of concern, prestressing the bottom of the layer is most 
effective. 
LARGE-SCALE LABORATORY EXPERIMENTS 
Large-scale laboratory experiments were conducted to explore specific 
aspects of aggregate base reinforcement behavior, and to supplement and 
assist in verifying the analytical results previously presented. These 
large scale tests were performed in a test facility 16 ft. by 8 ft. (4.9 by 
2.4 m) in plan using a 1.5 kip (7 kN) wheel loading moving at a speed of 3 
mph (4.8 km/hr). Up to 70,000 repetitions of wheel loading were applied to 
the sections in a constant temperature environment. 
Four series of experiments were carried out, each consisting of three 
pavement sections. The pavement sections included a thin asphalt surfacing, 
an aggregate base (with or without geosynthetic reinforcement) and a soft 
silty clay subgrade. A large number of potentially important variables 
exist which could influence the performance of an asphalt pavement having a 
geosynthetic reinforced aggregate base. Therefore several compromises were 
made in selecting the variables included in the 12 sections tested. 
Important variables included in the investigation were (1) geosynthetic 
type, (2) location of geosynthetic within the aggregate base, (3) prerutting 
the reinforced and unreinforced sections, (4) prestressing the aggregate 
base using a geosynthetic and (5) pavement material quality. The test 
sections included in this study and their designations are summarized in 
Table 10. A knowledge of the notation used to designate the sections is 
helpful later when the observed results are presented. A section name is 
generally preceded by the letters PR (prerutted) or PS (prestressed) if 
prerutting or prestressing is involved. This designation is then followed 
by the letters GX (geotextile) or GD (geogrid) which indicates the type of 
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Table 10 







Details of Geosynthetic 
and Section Specification 
1. 1 in. A.C. 





Geotextile placed at bottom 
of Base; Subgrade prerutted 
by 0.75 in. 
Control Section; no geo-
synthetics and no prerutting 
Same as PRIX B; no prerutting 
2 1.5 in. A.C. 





Geogrid placed at bottom of 
Base; Subgrade prerutted by 
0.4 in. 
Control Section 




Geotextile placed at bottom 
of Base 
Control Section; Prerutting 
carried out at single track 
test location 







Same as GX-M (Series 3); Pre-
rutting carried out at single 
track test location 
Same as GX-M but use geogrid 
Prestressed Geogrid placed at 
middle of base 
Notes for section designation: PR = Prerutted PS m Prestress 
GX = Geotextile GD = Geogrid 
B = Bottom of Base 
M = Middle of Base 
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geosynthetic used. The location of the geosynthetic which follows, is 
represented by either M (middle of base) or B (bottom of base). Following 
this notation, the section PR-GD-B indicates it is a prerutted section 
having a geogrid located at the bottom of the aggregate base. 
Materials, instrumentation and construction procedures used in the 
laboratory tests are described in Appendix D. A summary of the material 
properties are presented in Appendix E. 
PAVEMENT TEST PROCEDURES 
Load Application 
The pavement tests were conducted at the University of Nottingham in 
the Pavement Test Facility (PTF) as shown in Figure 16. This facility has 
been described in detail by Brown, et al. [66]. Loading was applied to the 
surface of the pavement by a 22 in. (560 mm) diameter, 6 in. (150 mm) wide 
loading wheel fitted to a support carriage. The carriage moves on bearings 
between two support beams which span the long side of the rectangular test 
pit. The beams in turn are mounted on end bogies which allow the whole 
assembly to traverse across the pavement. Two ultra low friction rams 
controlled by a servo-hydraulic system are used to apply load to the wheel 
and lift and lower it. A load feedback servo-mechanism is incorporated in 
the system to maintain a constant wheel loading. The maximum wheel load 
that can be achieved by the PTF is about 3.4 kips (15 kN), with a speed 
range of 0 to 10 mph (0 to 16 km/hr). The whole assembly is housed in an 
insulated room having temperature control. 
Multiple Track Tests  
The moving wheel in the PTF can be programmed to traverse, in a random 
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Figure 17. Distribution of the Number of Passes of Wheel Load in Multiple 
Track Tests. 
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of the center line). At each position a predetermined number of wheel 
passes is applied. The spacing between wheel positions was set at a 
constant step of 3 in. (75 mm). A realistic simulation can be obtained of 
actual loading where traffic wander exists. Table 11 summarizes the loading 
sequence adopted for the last three series of tests. It consisted of a 250-
pass cycle, starting with 55 passes along the center of the section 
(Position 5), followed by 15 passes at position 8, then 7 passes at 9 (refer 
to Table 11) until it finished back at the center line where the cycle was 
repeated. During the scheduled recording of output from the 
instrumentation, the center line track was given an additional 100 passes of 
wheel load before actual recording began. This procedure ensured that 
consistent and compatible outputs were recorded from the instruments 
installed below the center line of the pavement. The total number of passes 
in the multiple track tests for the second to fourth series were 69,690, 
100,070 and 106,300, respectively. The distribution of these passes across 
each loading position is shown in Figure 17. Note that the width of the 
tire is larger than the distance between each track position. Therefore, 
during the test, the wheel constantly overlapped two tracks at any one time. 
Hence, the numbers shown in Table 11 and Figure 17 apply only to the center 
of each track position. 
In the first series of tests, because of the rapid deterioration and 
very early failure of the pavement sections, the loading program described 
above could not be executed. The total number of wheel load passes for this 
test series was 1,690, and their distribution is shown in Figure 17. 
Single Track Tests  
On completion of the main multi-track tests, single track tests were 
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56 
had not been previously loaded. These special tests normally involved the 
use of a much higher wheel load, so that the deterioration of the pavement 
structure would be greatly accelerated. Stress and strain data were not 
obtained for these single track tests, since instruments were not located 
beneath the loading path. Only surface rut depth was measured. 
Nonetheless, these tests helped greatly to confirm trends observed in the 
development of permanent deformation during the multi-track tests. The 
single track tests also made possible extra comparisons of the performance 
of pavement sections tested in the prerutted and non-prerutted condition. 
Three additional single track tests were performed during the second to 
fourth test series. Details of these tests and their purposes are shown in 
Table 12. The designations of the test sections follow those for the multi-
track tests previously described. 
Wheel Loads  
Bidirectional wheel loading was used in all tests. Bidirectional 
loading means that load was applied on the wheel while it moved in each 
direction. The load exerted by the rolling wheel on the pavement during 
Test Series 2 through 4 of the multi-track tests was 1.5 kips (6.6 kN). In 
the first series of tests, due to the rapid deterioration of the pavement 
and hence large surface deformations, difficulties were encountered at an 
early stage of the test in maintaining a uniform load across the three 
pavement sections which underwent different amounts of deflection. 
Therefore, while the average load was 1.5 kips (6.6 kN), the actual load 
varied from 0.7 to 2.5 kips (3 to 11 kN). In subsequent test series, 
however, much stronger pavement sections were constructed, and refinements 
were made in the servo-system which controlled the load. As a result, only 
minor variations of load occurred, generally less than 10 percent of the 
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average value. This load variation was probably also due to the unevenness 
in the longitudinal profile of the pavement. In the single track tests, a 
wheel load of 1.8 kips (8 kN) was used for the First Test Series. For all 
other test series a 2 kip (9 kN) load was applied. With the exception of 
the single track test carried out during the first series, all of these 
supplementary tests employed bidirectional loading. 
The tire pressure was maintained at 80 psi (550 kN/m 2 ). Based on a 
previous investigation of the effect of wheel tread, tire wall strength, 
tire pressure and load, the contact pressures acting on the pavement from a 
1.5 and 2 kip (6.6 and 9 kN) wheel load were estimated to be 67 and 73 psi 
(460 and 500 kN/m2 ), respectively. These gave radii of contact areas, 
assuming them to be circular, of 2.7 and 3 in. (68 and 76 mm), respectively. 
The wheel moved at a speed of about 2 to 3 miles per hour (3.2 to 4.8 
km/hr) with slight variations between forward and reverse direction. Near 
the end of the test when the pavement surface became uneven, a slower speed 
was sometimes necessary to maintain constant loading. 
The temperature inside the PTF was maintained at 68 t 3.6°F (20 t 2 °C) 
throughout the testing. Temperatures at the asphalt surface and within the 
aggregate base and the subgrade were found to be about 2 to 4°F (1 to 2°C) 
lower than that of the air. However, it was previously observed that during 
long continuous runs of the PTF, the temperature of the asphalt in the wheel 
track could increase by as much as 9°F (5°C) due to the repeated loading by 
the wheel. 
Data Recording Procedure  
The transverse profile and permanent strain readings from the aggregate 
base and silty clay subgrade were taken at appropriate intervals during 
testing of all pavement sections to establish their deformation 
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characteristics under loading. In addition, elevations of all the reference 
points at the surface of the sections along the center line were measured 
and checked. During the actual loading, resilient strains and transient 
stresses were recorded on an Ultra Violet Oscillograph which also recorded 
wheel load, position and speed. All pressure cells could be recorded 
continuously, but it was only possible to record one strain coil pair at a 
time. Therefore, it normally required about 100 to 200 wheel load passes at 
the center line to obtain a complete set of strain coil readings. A "peak 
hold" data acquisition system was later used to record the peak values of 
the stress and strain pulses. The outputs from the thermocouples, which 
measured temperature at selected depths in the pavement structure, were 
monitored regularly by means of a readout device. Air temperature of the 
PTF was obtained from a thermometer placed inside the facility. 
TEST RESULTS 
A summary of important measured pavement response variables recorded at 
both an early stage of loading, and also near the end of each test series is 
given in Table 13. Unless indicated, all the results were obtained from 
multi-track tests. Most of the results presented show either variation of 
test data with time (i.e., number of load cycles), or with depth in the 
pavement structure at a particular time. The permanent strain results were 
obtained near the end of the test, after relatively large permanent 
deformations had developed. Vertical resilient strains are given at early 
stages of the test when the pavement structure was still undamaged; usually 
only relatively small changes of this variable occurred with time. 
Direct comparisons can be made between each test section within a given 
series. In addition, comparisons can be made between test series if 
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relative behavior of the similar control section in each test series. 
Whenever there is more than one value of data available (i.e., permanent 
vertical deformation, permanent vertical strain, subgrade stress, etc.), an 
average value was reported in the tables and figures. 	Erratic data, 
however, were excluded from the averaging process. 
Permanent Vertical Deformation  
In this study the permanent vertical surface deformation of the 
pavement is taken as the primary indicator of performance. The accumulation 
of surface rutting measured by the profilometer is shown in Figure 18. 
Profiles showing the permanent deflection basin at the end of the tests are 
given in Figure 19. The permanent deformation occurring in the base and 
subgrade are shown in Figures 20 and 21, respectively, and also in Table 13. 
Permanent vertical deformation in both layers was calculated from the 
changes in distance between the pairs of strain coils. 
Figure 18 clearly shows that the pavement sections used in the first 
test series are very weak, with large deformations developing in less than 
2000 passes of wheel load. These results indicate that the inclusion of a 
stiff to very stiff geotextile at the bottom of the very weak sand-gravel 
base reduces the amount of rut by about 44 percent for a rut depth of 0.43 
in. (11 mm) in the control section. Furthermore, prerutting does not appear 
to improve the overall rutting performance of the weak pavement section 
compared to the geotextile reinforced section which was not prerutted. 
Because of the use of a higher quality aggregate base and thicker base 
and surfacing, the life for the pavement sections of the other three series 
of tests was considerably longer, as shown in Figure 18. However, in 
contrast to the results of the first test series, the prerutted section in 
the second series performed best. This section was reinforced with a 
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geogrid at the bottom of the base and resulted in a 66 percent reduction in 
total rutting of the base and subgrade. Thus, prerutting of the reinforced 
section was quite effective. This finding by itself is misleading, as will 
be discussed subsequently for the single test track results, since similar 
very good performance was also observed for prerutted sections which were 
not reinforced. 
Only an 8 percent reduction in rutting was observed for the geogrid 
reinforced section used in Test Series 2 which was not prerutted (Figure 
18b). A similar relatively low level of improvement with respect to rutting 
(13 percent reduction) was observed for the section in Test Series 3 
reinforced with a stiff to very stiff geosynthetic (S g = 4300 lbs/in.; 750 
kN/m) located at the bottom of the layer (Table 13; Figure 18c). This 
section was not prerutted. When the location of the geotextile was raised 
to the middle of the aggregate base in Test Series 3, the amount of rutting 
was reduced by a total of 28 percent; most of this improvement occurred 
within the aggregate layer (Table 13; Figure 18c). 
Results from the last series of tests indicate that prestressing the 
geosynthetic appears to improve performance compared with a non-prestressed 
section having the same geogrid reinforcement (Table 13; Figure 18d). 
Further, use of geogrid reinforcement, despite its lower stiffness (S g = 
1600 lbs/in.; 280 kN/m) resulted in better performance than a higher 
stiffness, woven geotextile when both were placed at the middle of the 
granular layer (Figure 18d). 
A large portion of the total permanent deformation occurred within the 
aggregate base. Therefore, it follows that the pattern of permanent 
deformation as a function of load repetitions observed in the base was very 
similar to that observed at the pavement surface as can be seen by comparing 
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Figure 18 with Figure 20. Permanent vertical deformation in the subgrade 
was relatively small compared to that occurring in the base, particularly 
for the prerutted sections. An important reduction in subgrade deformation 
was evident when a geosynthetic was placed directly on top of the subgrade, 
as shown in Table 13 and Figure 21. Reductions in subgrade rutting of 25 to 
57 percent were observed for this condition. 
The trend in the development of total permanent deformation in all 12 
sections of the four test series in the multi-track loading tests was 
generally confirmed by the single track studies (Figure 22). 
Permanent Vertical Strain  
The variation of permanent vertical strain with depth for all the 
sections at the end of testing is shown in Figure 23. The average values of 
strain are plotted at the mid-point between the two strain coils which 
measure the corresponding vertical movement. In general, the pattern of 
results is very similar for all test series, with large permanent strain at 
the top of the granular base, decreasing rapidly with depth towards the 
subgrade. Other interesting results that can be obtained from these figures 
reveal the following differences between pavement sections: 
1. 	When comparing results from the geosynthetic reinforced 
and control sections, a redistribution of vertical 
permanent strain is seen to occur due to the presence of 
the reinforcement. For sections with the geosynthetic 
reinforcement placed at the bottom of the granular base, 
a decrease of strain is generally observed near the top 
of the subgrade. At the same time (with the exception 
of the first series results), an increase in permanent 
strain occurred in the top half of the granular base. 
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Note : PR = Prerutted 	GX= Geotextile M= Middle of Base 
PS = Prestressed GD= Geogrid 	B = Bottom of Base 
Figure 23. Variation of Vertical Permanent Strain with Depth of 
Pavement for All Four Test Series. 
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2. Figure 23 shows that as a result of placing the 
geotextile at the middle of the aggregate base, a 
substantial decrease in permanent vertical strain occurs 
immediately below the geotextile, while permanent strain 
at the top of the subgrade increased. 
3. The vertical permanent strains for the two prerutted 
sections are in general smaller than those in the non-
prerutted sections with or without reinforcement, as 
shown in Figures 23a and 23b. The only exception is the 
permanent strain developed within the prerutted sand-
gravel base which shows a greater value than its non-
prerutted counterparts. 
4. Prestressing of the geogrid appears to reduce the 
development of permanent vertical strain in both the 
granular base and the subgrade layer. 
Vertical Resilient Strain  
The variations of vertical resilient strain with depth for all the 
pavement sections are shown in Figure 24. The results for the first series 
of tests are considered unreliable because the pavement structure 
deteriorated rapidly at quite an early stage of the experiment. As a 
result, uniform conditions across all the three sections could not be 
maintained while the resilient response of all the sections was being 
measured. Nevertheless, it is believed that the recorded strains shown in 
Figure 24a at least show the correct trends. For other series of tests, 
however, the 100 to 200 passes of wheel load required to complete the 
recording procedure did not have a significant influence on the consistency 
of the results. 
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Note : PR = Prerutted 	GX= Geotextile M = Middle of Base 
PS = Prestressed GD= Geogrid 	B = Bottom of ease 
Figure 24. Variation of Vertical Resilient Strain with Depth of 
Pavement for All Test Series. 
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Figure 24 shows that the resilient strain profile for all the sections 
has a similar shape and, within one series of tests, a similar magnitude of 
strain. In general, large strains were obtained at the top of both the 
aggregate base and subgrade. The non-reinforced control sections (with the 
exception of the first series of tests) normally exhibited slightly higher 
resilient strains than the reinforced sections. However, overall resilient 
response of the pavement sections does not seem to be significantly 
influenced by the geosynthetic reinforcement, regardless of its location 
within the pavement structure. Both prestressing and prerutting appear to 
reduce significantly the resilient strain at the top of the subgrade. 
Lateral Resilient Strain  
Lateral resilient strains were only recorded from the strain coils 
installed on the geosynthetics and in the complimentary location of the 
control sections. The lateral resilient strains recorded during the 4 test 
series are shown in Tables 14 and 15. In general, for a given test series 
the magnitude of the resilient lateral strain in the geosynthetic 
reinforcement of both sections is quite similar, but that in the non-
reinforced control section tends to be considerably higher. No consistent 
trend emerged regarding the effect of geosynthetic stiffness and location of 
the reinforcement on the measured resilient lateral strain. 
Longitudinal Resilient Strain  
The results of the resilient longitudinal strain for the asphalt 
surfacing and the aggregate base are shown in Tables 14-15 and Figure 25, 
respectively. Longitudinal resilient strains at the bottom of the asphalt 
surfacing were measured for all the sections. Beginning with the third test 
series they were also measured in two of the three sections at both the top 
73 
Table 14 
Summary of Lateral Resilient Strain in Geosynthetics and Longitudinal 








Lateral Resilient Strain 
in Geosynthetic** (mm) 
, Lmngitudinal Resilent Strain 
at bottom of asphalt (pc) 
1 50 PR-CDC-B 1480 / 
COMM 4740 2047 
G)C-8 1200 / 
1675 PR-GX-B 2317 
ccurRor, 11340 
GX-B 2561 
2 250 PR-GD-B 1585 3725 
CONTROL 3130 3860 
GD-B 2616 4121 
40000 PR-GD-B 1730 
CONTROL 3410 
00-8 2852 
Note: • PR= Prerutted 	GC= Geotextile M2 Middle of Base 
VS= Prestressed GC= Geogrid 	B= Bottom of base 
*• In the control sections, the measured strain is that of the 
soil. 
Table 15 
Summary of Lateral Resilient Strain in Geosynthetics and Longitudinal 
Resilient Strain at Bottom of Asphalt - Test Series 3 and 4. 
/ 
3 400 GX41 1413 2355 
01/11436 6871 2983 
GXHM 2103 2198 
70000 CC-B 1609 
CONTROL 4765 
GX44 2242 
4 400 G7NM 2550 2800 
GD-M 1500 / 
PS-GD-M 1500 1800 
46000 GX-M 1650 
GD-M 1800 
PS-GD-M 2050 
Note: • PR= Prerutted 	GX= Geotextile M. Middle of Base 
.PS= Prestressed GO■ Geogrid 	Be Bottom of base 
In the control sections. the measured strain is that of the 
soil. 
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NUMBER OF PASSES OF WHEEL LOAD 
Note: 1. For section designation- 
PS = Prestressed GX=Geotextile GD= Geogrid 
M.B = Geosynthetics placed at middle, bottom of base 
2 For location of strain measurement- 
TOP. BOTTOM = strain measured at top.bottom of base 
Figure 25. Variation of Longitudinal Resilient Strain at Top and 
Bottom of Granular Base with Number of Passes of 1.5 kip 
Wheel Load - Third and Fourth Series. 
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and bottom of the aggregate layer. Unlike the vertical resilient strain, 
the longitudinal resilient strain varied greatly throughout the test. 
Generally longitudinal resilient strain increased in the top and bottom of 
the aggregate base as the pavement started to deteriorate. Only resilient 
strains at the beginning of the test are shown in Tables 14 and 15. For 
resilient longitudinal strains measured within the aggregate base, there did 
not appear to be a consistent development trend. Longitudinal strain at the 
bottom of the asphalt surfacing also varied from one series of tests to 
another. This could be at least partly due to the slight differences in the 
finished thickness of the surfacing and base and small differences in 
material properties. 
Transient Stresses  
The variation of transient vertical stress at the top of the subgrade 
during each test for all the pavement sections is shown in Figure 26. 
Transient stress is that change in stress caused by the moving wheel load. 
The subgrade stress for the last three test series remained reasonably 
constant throughout the test, with the magnitude of vertical stress 
typically varying from about 6 to 9 psi (42 to 63 kN/m2 ). For the first 
series of tests, however, the subgrade stress rapidly increased as the 
pavement developed large permanent deformations early in the experiment. A 
consistent influence of geosynthetic reinforcement on vertical subgrade 
stress was not observed in any of the test series. 
Longitudinal, horizontal transient stress (in the direction of wheel 
traffic) at both the top and bottom of the aggregate base was measured in 
the third and fourth test series. The results, shown in Figure 27, indicate 
that the horizontal stress at the top of the granular layer increased 
throughout each test. Figure 27a also suggests that the inclusion of 
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a) 3rd SERIES 










NUMBER OF PASSES OF WHEEL LOAD 
Note :1. For section designation- 
PS= Prestressed GX= Geotextile GD=Geogrid 
M.B= Geosynthetics placed at middle. bottom of base 
2. For location of stress measurement - 
TOP.BOTTOM =Stress measured at top, bottom of base 
Figure 27. Variation of Transient Longitudinal Stress at Top and 
Bottom of Granular Base with Number of Passes of 1.5 
kips Wheel Loads - Third and Fourth Series. 
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geosynthetic reinforcement at the middle of the aggregate base may result in 
a slower rate of increase in horizontal stress at the top of the layer. The 
horizontal stress at the bottom of the aggregate base, on the other hand, 
did not appear to be influenced by the progress of the test, nor by the 
presence of a geosynthetic at the center of the layer. 
Single Track Supplementary Tests  
After performing the multiple track tests in Test Series 2 through 4, 
single track tests were then performed along the side of the test pavements. 
These tests were conducted where wheel loads had not been previously applied 
during the multiple track tests. The single track tests consisted of 
passing the moving wheel load back and forth in a single wheel path. These 
special supplementary tests contributed important additional pavement 
response information for very little additional effort. The single track 
tests performed are described in Table 12, and the results of these tests 
are presented in Figure 28. The following observations, which are valid for 
the conditions existing in these tests, can be drawn from these experimental 
findings: 
1. 	Placement of a geogrid at the bottom of the aggregate 
base did not have any beneficial influence on the 
performance of the unsurfaced pavement in Test Series 2 
(Figure 28a). This test series was conducted during the 
excavation of test series 2 pavement after the surfacing 
was removed. For these tests the permanent vertical 
deformation in the two reinforced sections and the 
unreinforced control section were all very similar; 
permanent deflections in the reinforced sections were 
actually slightly greater throughout most of the test. 
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However, heaving along the edge was evident for the three sections of Test 
Series 1 using the sand-gravel base. 
Soil Contamination. 	Contamination of the aggregate base by the silty clay 
subgrade was evident in most sections except those where a geotextile was 
placed directly on top of the subgrade. Contamination occurred as a result 
of both stone penetration into the subgrade and the subgrade soil migrating 
upward into the base. When a geogrid was placed on the subgrade, upward 
soil migration appeared to be the dominant mechanism of contamination. 
Depth of soil contamination of the base was found to be in the range of 1 to 
1.5 in. (25 to 38 mm). 
SUMMARY AND CONCLUSIONS 
Both large-scale laboratory tests and an analytical sensitivity study 
were performed to evaluate the performance of surfaced pavements having 
geosynthetic reinforcement within the unstabilized aggregate base. 
Extensive measurements of pavement response from this study and also a 
previous one were used to select the most appropriate analytical model for 
use in the sensitivity study. 
In modeling a reinforced aggregate base, the accurate prediction of 
tensile strain in the bottom of the base was found to be very important. 
Larger strains cause greater forces in the geosynthetic and more effective 
reinforcement performance. A finite element model having a cross-
anisotropic aggregate base was found to give a slightly better prediction of 
tensile strain and other response variables than a nonlinear finite element 
model having an isotropic base. Hence, the elastic cross-anisotropic model 
was used as the primary analysis method in the sensitivity study. The 
resilient modulus of the subgrade was found to very rapidly increase with 
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depth. The low resilient modulus existing at the top of the subgrade causes 
a relatively large tensile strain in the bottom of the aggregate base. 
Both the laboratory and analytical studies, as well as full-scale field 
measurements, show that placing a geosynthetic reinforcement within the base 
of a surfaced pavement has a very small effect on the measured resilient 
response of the pavement. Hence, field testing methods that measure 
stiffness such as the Falling Weight Deflectometer tend not to be effective 
for evaluating the potential improvement due to reinforcement. 
Reinforcement can, under the proper conditions, cause changes in radial and 
vertical stress in the base and upper part of the subgrade that can reduce 
permanent deformations and to a lessor degree fatigue in the asphalt 
surfacing. The experimental results show that for a given stiffness, a 
geogrid will provide considerably better reinforcement than a woven 
geotextile. 
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understanding of the fundamental mechanisms of geosynthetic reinforcement. 
These mechanisms are of considerable value because of the many new 
innovations in reinforcement that will have to be evaluated in the future. 
For example, the use of steel reinforcement in the base has been introduced 
as an alternative to geosynthetics as the present project was being carried 
out. 
Both the separation and filtration mechanisms of geosynthetics are 
considered as a part of the general synthesis of the use of geosynthetics 
within aggregate base layers; existing literature was heavily relied upon 
for this portion of the study. For reinforcement to be effective, it must 
be sufficiently durable to serve its intended function for the design life 
of the facility. Therefore, because of its great importance, the present 
state-of-the-art of durability aspects are considered and put in 
perspective. 	These aspects are considered in Appendices F and G. 
GEOSYN7EITIC REINFORCEMENT 
The response of a surfaced pavement having an aggregate base reinforced 
with a geosynthetic is a complicated engineering mechanics problem. 
However, analyses can be performed on pavement structures of this type using 
theoretical approaches similar to those employed for non-reinforced 
pavements but adapted to the problem of reinforcement. As will be 
demonstrated subsequently, a linear elastic, cross-anisotropic finite 
element formulation can be successfully used to model geosynthetic 
reinforcement of a pavement structure. 
The important advantage of using a simplified linear elastic model of 
this type is the relative ease with which an analysis can be performed of a 
pavement structure. Where a higher degree of modeling accuracy is required, 
a more sophisticated but time consuming nonlinear finite element analysis 
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was employed in the study. Use of a finite element analysis gives 
reasonable accuracy in modeling a number of important aspects of the problem 
including slack in the geosynthetic, slip between the geosynthetic and the 
surrounding material, accumulation of permanent deformation and the effect 
of prestressing the geosynthetic. 
GEOSYNTHETIC STIFFNESS 
The stiffness of the geosynthetic is the most important variable 
associated with base reinforcement that can be readily controlled. In 
evaluating potential benefits of reinforcing an aggregate  base the first 
step should be to establish the stiffness of the geosynthetic to be used.  
Geosynthetic stiffness Sg as defined here is equivalent to the modulus of 
elasticity of the geosynthetic times its average thickness. Geosynthetic 
stiffness should be used since the modulus of elasticity of a thin 
geosynthetic has relatively little meaning unless its thickness is taken 
into consideration. The ultimate strength of a geosynthetic plays, at most, 
a very minor role in determining reinforcement effectiveness of a 
geosynthetic. This does not imply that the strength of the geosynthetic is 
not of concern. Under certain conditions it is an important consideration 
in insuring the success of an installation; For example, as will be 
discussed later, the geosynthetic strength and ductility are important 
factors when it is used as a filter layer between a soft subgrade and an 
open-graded drainage layer consisting of large, angular aggregate. 
The stiffness of a relatively thin geotextile can be determined in the 
laboratory by a uniaxial extension test. The wide width tension test as 
specified by ASTM Test Method D-4595 is the most suitable test at the 
present time to evaluate stiffness. Note that ASTM Test Method D-4595 uses 
the term "modulus" rather than stiffness S g  which is used throughout this 
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study; both the ASTM "modulus" and the stiffness as used here have the same 
physical meaning. Use of the grab type tension test to evaluate geotextile 
stiffness is not recommended. 
The secant geosynthetic stiffness S g is defined in Figure 30 as the 
uniformly applied axial stretching force F (per unit width of the 
geosynthetic) divided by the resulting axial strain in the geosynthetic. 
Since many geosynthetics give a quite nonlinear load-deformation response, 
the stiffness of the geosynthetic must be presented for a specific value of 
strain. For most but not all geosynthetics the stiffness decreases as the 
strain level increases. A strain level of 5 percent has gained some degree 
of acceptance. This value of strain has been employed for example by the 
U.S. Army Corps of Engineers in reinforcement specifications. Use of a 5 
percent strain level is generally conservative for flexible pavement 
reinforcement applications that involve low permanent deformations. 
Classification System. A geosynthetic classification based on stiffness for 
reinforcement of aggregate bases is shown in Table 16. This table includes 
typical ranges of other properties and also approximate 1988 cost. A very 
low stiffness geosynthetic has a secant modulus at 5 percent strain of less 
than 800 lb/in. (140 kN/m) and costs about $0.30 to $0.50/yd 2 (0.36-
0.59/m2 ). As discussed later, for low deformation conditions, a low 
stiffness geosynthetic does not have the ability to cause any significant 
change in stress or strain within the pavement, and hence is not suitable 
for use as a reinforcement. For low deformation pavement reinforcement 
applications, the geosynthetic should in general have a stiffness exceeding 
1500 lbs/in. (260 kN/m). Several selected geosynthetic stress-strain curves 
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(2 Initial Length) 
Typical 
Cost Range 
($/yd 2 ) 
Very Low < 800 10-30 50-150 10-100 0.30-0.50 
Low 800-1500 15-50 60-200 10-60 0.40-0.50 
Stiff 1500-4000 20-400 85-1000 10-35 0.50-3.00 





NOTES: 1. The properties given in addition to stiffness are typical ranges of manufacturers 
properties and do not indicate a material specification. 
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REINFORCEMENT MODELING 
Modeling. 	Changes in response of the pavement are for the most part 
determined by the tensile strain developed in the geosynthetic. A surfaced 
flexible pavement of low to moderate structural strength (AASHTO structural 
number SN =:= 2.5 to 3.0) resting on a soft subgrade (CBR = 3 percent), 
however, develops relatively low tensile strain in the aggregate base and 
hence low geosynthetic forces. The many problems associated with modeling 
the behavior of a non-reinforced aggregate base which can take only tension 
are well known [16,44,48,49]. A reinforced aggregate base presents an even 
more challenging problem. 
Cross-Anisotropic Model. 	Measured vertical and horizontal strains from two 
well-instrumented laboratory studies described in Chapter II and Appendix C 
clearly indicate the aggregate base exhibits much higher stiffness in the 
vertical direction than in the horizontal direction. These results can only 
be explained if the aggregate base behaves as a cross-anisotropic solid. As 
a result, a linear elastic, cross-anisotropic finite element model appears 
to give the best overall predictions of pavement response (Tables C-1 and C-
3, Appendix C). 
The best agreement with observed response was found for a cross-
anisotropic model where vertical stiffness of the base became about 40 
percent smaller in going from the upper one-third to the lower one-third of 
the aggregate base, and the model became progressively more cross-
anisotropic with depth (refer to Tables C-2 and C-4, Appendix C). 
Use of a subgrade where the resilient modulus increases significantly 
with depth greatly increases calculated tensile strains in the aggregate 
base and shows much better agreement with observed pavement response (Table 
C-1). This was true for either the cross-anisotropic model or the nonlinear 
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finite element models. For the micaceous silty sand and silty clay 
subgrades used in the two validation studies, the resilient subgrade modulus 
near the surface appeared to be about 10 and 20 percent, respectively, of 
the average resilient subgrade modulus as shown in Figure 32. As expected, 
the resilient modulus of the soft silty clay subgrade apparently did not 
increase as much as that of the micaceous silty sand subgrade. The rigid 
layer, which was located below the subgrade in the instrumented pavement 
studies, may have had some influence on performance, but should not have 
been a dominant factor. 	A discussion of the increase in resilient modulus 
with depth has been given by Brown and Dawson [50]. 
Nonlinear Isotropic Model. 	A nonlinear isotropic model was used in the 
sensitivity study primarily to investigate the effect of special variables 
such as geosynthetic slip, aggregate base quality and permanent deformation. 
The nonlinear, isotropic finite element model which was used can, upon 
proper selection of material parameters, predict reasonably well the tensile 
strain in the aggregate base, and also the other commonly used response 
parameters. The isotropic nonlinear analysis cannot, however, predict at 
the same time both the large tensile strain measured in the bottom of the 
aggregate base and the small measured vertical resilient strain observed 
throughout the aggregate layer. Use of a simplified contour model for 
aggregate bases [51,52] appeared to give better results than the often used 
K-9 type of model. 
When the nonlinear properties originally selected for the subgrade were 
employed, the nonlinear analysis underpredicted vertical strain in the 
subgrade. The nonlinear resilient modulus was therefore adjusted to 
approximately agree with the variation of modulus with depth shown in Figure 
32. 
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Summary. Reasonably good response was obtained using both the linear 
cross-anisotropic model and the nonlinear, simplified contour model. The 
cross-anisotropic model appears to give slightly better results and was more 
economical to use. Therefore, it was the primary method of analyses 
employed in the sensitivity study. Considerable progress was made in this 
study in developing appropriate techniques to model both reinforced and non-
reinforced aggregate bases. 
IMPROVEMENT MECHANISMS 
The analytical and experimental results show that placement of high 
stiffness geosynthetic in the aggregate base of a surfaced pavement designed 
for more than about 200,000 equivalent 18 kip (80 kN) single axle loads, 
results in relatively small changes in the resilient response of the 
pavement. Field measurements by Ruddock, et al. [21,30] confirm this 
finding. Pavement response is defined in terms of the transient stresses, 
resilient strains and displacements caused by the applied loadings. 
The analytical results shown in Figure 33 (and also in Tables 2 through 
4 of Chapter II) indicate radial strain in the asphalt surfacing and surface 
deflection are generally changed by less than 5 percent, and vertical 
subgrade strain by less. than 10 percent when the geosynthetic is present. 
This level of change applies even for relatively light structural sections 
placed on a soft subgrade and reinforced with a very stiff geosynthetic 
having Sg = 4000 lbs/in. (700 kN/m). 
Even though the changes in response are relatively small, some modest 
improvement can usually be derived from reinforcement following the commonly 
employed design approaches of limiting vertical subgrade strain and radial 
tensile strain in the asphalt. Specific benefits resulting from 
reinforcement using these criteria are discussed later. 
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Pavement Stiffness  
The structural strength of a pavement section is frequently evaluated 
using the Falling Weight Deflectometer (FWD) or Dynaflect devices. These 
devices measure the deflection basin from which the overall stiffness of the 
pavement and of its constituent layers can be determined [49]. The overall 
stiffness of a structural section can be defined as the force applied from a 
loading device, such as the FWD, divided by the resulting deflection. The 
analytical results of this study indicate the overall increase in stiffness 
of the pavement will be less than about three percent, even when a very 
stiff geosynthetic is used as reinforcement. The laboratory test results 
also indicate no observable improvement in pavement stiffness. 
The improvement in stiffness resulting from geosynthetic reinforcement 
is, therefore, too small to be reliably measured in either a full-scale or 
laboratory pavement. The results of several field studies also tend to 
substantiate this finding [21,30,38,39]. Dynaflect measurements in Texas 
described by Scullion and Chou [53] showed one section to be stiffened when 
a geosynthetic was added, while another indicated no observable difference. 
Variations in pavement thickness and/or material quality including subgrade 
stiffness could account for the difference in overall pavement stiffness 
observed for the one series of tests in Texas. These findings therefore  
indicate stiffness is a poor indicator of the potential benefit of  
geosynthetic reinforcement on performance.  
Radial Stress and Strain. 	Both the laboratory and analytical results 
indicate the change in radial stress and strain as a result of base 
reinforcement to probably be the most important single factor contributing 
to improved pavement performance. The experimental measurements show the 
strain in the geosynthetic to be about 50 percent of the corresponding 
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strain in a non-reinforced aggregate base (Table 15). The analytical 
studies performed on stronger sections indicate changes in radial strain in 
the bottom of the base to be about 4 to 20 percent for sections having low 
to moderate structural numbers. 
Changes in radial stress determined from the analytical study typically 
vary from about 10 percent to more than 100 percent of the corresponding 
radial stress developed in an unreinforced section (Figure 34). Recall that 
tension is positive so the decrease in stress shown in Figure 34 actually 
means an increase in confinement. 
Considering just the large percent change in radial stress, however, 
does not give the full picture of the potential beneficial effect of 
reinforcement. First, the actual value of change in radial stress is 
relatively small, typically being less than about 0.5 to 1.0 psi (3-7 kN/m 2 ) 
for relatively light sections. As the pavement section becomes moderately 
- 
strong (structural number SN = 4.5), however, the changes in radial stress 
usually become less than about 0.1 psi (0.7 kN/m 2 ) as shown in Table 3. 
Secondly, the radial stresses, including the relatively small changes 
resulting from reinforcement, must be superimposed upon the initial stresses 
resulting from body weight and compaction effects as illustrated in Figure 
35. The initial stress in the base due to body weight and compaction is 
likely to be at least twice as large as the radial stress caused by the 
external loading. Consequently, the beneficial effects of changes in radial 
stress caused by reinforcement are reduced but not eliminated. 
As the resilient modulus of the subgrade and the ratio between the base 
modulus and subgrade modulus decreases, the strain in the geosynthetic 
becomes greater. As a result improvement also becomes more pronounced. 
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Permanent Deformation. The small beneficial changes in radial stress due to 
reinforcement can have important effects on permanent deformation under the 
proper conditions. By far the largest beneficial effects are realized when 
the stress state is close to failure on an element of material in, for 
example, the top of the subgrade. The addition of reinforcement under the 
proper conditions causes a small but potentially important increase in 
compressive radial stress and a slight reduction in vertical stress. As a 
result, the deviator stress on an element of subgrade soil is decreased 
slightly. If the section is weak and hence the initial stress state is near 
failure, very important reductions in permanent deformation may occur as 
illustrated in Figure 36. When examining Figure 36 remember that permanent 
deformation is proportional to the permanent strain developed in a thin 
sublayer of material. Because of the highly nonlinear stress-permanent 
strain response of the subgrade or base (Figure 36), a small increase in 
compressive confining pressure and decrease in deviator stress can lead to a 
significant reduction in permanent deformation when the element of material 
is near failure. The reduction in permanent deformation becomes 
disproportionately larger as the stress state in the top of the subgrade (or 
bottom of the base) moves closer to failure. Conversely, as the stress 
state becomes less severe, the beneficial effect of reinforcement becomes 
significantly less. 
Depth of Subgrade Improvement. The large scale laboratory tests indicate 
both resilient and permanent strains in the subgrade, when reduced, were 
only changed to a depth of about 6 to 7 in. (150-180 mm) below the surface 
of the subgrade. The tire loading in this case, however, was relatively 
light. For the heavy load used in the analytical study, the depth of 
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Findings by Barksdale, et al. [16] on unsurfaced pavements tend to verify 
that the depth of improvement in the subgrade due to reinforcement is 
relatively shallow. The changes in radial stresses due to reinforcement 
appear to be caused by the reduction in tensile strain in the lower part of 
the aggregate base. The increase in confining pressure caused by the 
geosynthetic would make the upper portion of the subgrade more resistant to 
liquefaction. 
Tensile Strain Variation with Load Repetitions. Strain measurements made in 
the third test series of the experimental study show a very large reduction 
in tensile strain in the bottom of the aggregate base due to reinforcement 
at low load repetitions. With increasing numbers of repetitions, however, 
the difference in tensile strain resulting from reinforcement appeared to 
disappear and, eventually, the tensile strain in the nonreinforced sections 
was less than in the reinforced one. In this comparison a geotextile 
reinforcement was located in the middle of the base. 
Summary  
The effects of geosynthetic reinforcement on stress, strain and 
deflection are all relatively small for pavements designed to carry more 
than about 200,000 equivalent 18 kip (80 kN) single axle loads. As a 
result, geosynthetic reinforcement of an aggregate base will have relatively 
little effect on overall pavement stiffness. A modest improvement in 
fatigue life can be gained from reinforcement as discussed subsequently. 
The greatest beneficial effect of reinforcement appears to be due to 
changes in radial stress and strain together with small reductions of 
vertical stress in the aggregate base and on top of the subgrade. 
Reinforcement of a thin pavement (SN = 2.5 to 3) on a weak subgrade (CBR < 3 
100 
percent) can potentially reduce the permanent deformations in the subgrade 
and/or the aggregate base by significant amounts. As the strength of the 
pavement section increases and/or the materials become stronger, the states 
of stress in the aggregate base and the subgrade move away from failure. As 
a result, the improvement caused by reinforcement would be expected to 
rapidly become small. 
REINFORCEMENT EFFECTS 
In this section the primary factors associated with aggregate base 
reinforcement are discussed including their interaction with each other and 
the overall pavement response. Geosynthetic reinforcement levels included 
in the analytical sensitivity study varied from low to high stiffness (S g = 
1000 to 6000 lbs/in.; 170-1000 kN/m). The influence of reinforcement on the 
required pavement thickness was studied considering both fatigue and 
permanent deformation (rutting) mechanisms. Alternate thicknesses are given 
from the analytical sensitivity study for subgrade strengths varying from a 
resilient modulus of 3500 psi (24 kN/m2 ) to 12,500 psi (86 MN/m 2 ). This 
range of subgrade stiffness approximately corresponds to a variation of CBR 
from 3 to 10 percent. Effects of reinforcement on permanent deformations 
that might occur in the base are also considered, and a number of practical 
aspects are examined such as slack and slip of the geosynthetic. 
In the analytical sensitivity study, the reduction in aggregate base 
thickness as a result of geosynthetic reinforcement was determined using an 
equal strain approach for controlling fatigue and rutting. A reduction in 
base thickness due to reinforcement was established by requiring the 
reinforced section to have the same tensile strain in the bottom of the 
asphalt surfacing as the non-reinforced section. A similar procedure was 
employed to determine the reduction in base thickness for equal vertical 
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strain near the top of the subgrade. An estimate of reduction in rutting in 
the aggregate base and subgrade was also made using the layer strain method. 
The layer strain method and the permanent strain materials properties 
employed in the analysis are described in Appendix C. 
Optimum Geosynthetic Position  
The laboratory pavement tests together with the results of the 
analytical sensitivity study can be used to establish the optimum positions 
for placement of geosynthetic reinforcement within an aggregate base. The 
experimental findings of Test Series 3 demonstrate the effect of 
geosynthetic position on performance with respect to permanent deformation. 
Permanent Deformation - Experimental Findings. 	Test Series 3 was 
constructed using a stiff asphalt surfacing mix 1.2 in. (30 mm) thick, and 
an 8 in. (200 mm) crushed limestone base. A stiff to very stiff woven 
geotextile was used (S g = 4300 lb/in.; 750 kN/m). The geotextile was placed 
at the bottom of the base in one section and at the center of the base in 
another section. A control section without reinforcement was also present. 
A total of 100,070 load repetitions were applied by a 1.5 kip (6.7 kN) 
wheel. This test series was terminated when the total permanent deformation 
reached about 1 in. (25 mm). 
When placed in the bottom of the aggregate base, the stiff to very 
stiff geotextile caused a 57 percent reduction in permanent deformation in 
the subgrade but only a 3 percent reduction of permanent deformation in the 
aggregate base (Table 13). In contrast, when the same geotextile was placed 
in the middle of the aggregate base, permanent deformation in the base was 
reduced by 31 percent. Subgrade permanent deformations, however, were 
reduced by only 14 percent. 
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The results of Test Series 2 also tend to verify these findings. A 
geogrid, when placed in the bottom of the base, did not decrease the 
permanent deformation in the base (measurements suggested an increase of 5 
percent). A 52 percent reduction in permanent subgrade deformation was 
observed in this test series. 
Permanent Deformation - Analytical Results. An analytical study was also 
performed to establish the effect of geosynthetic position on the reduction 
in rutting in the base and subgrade (Tables 17 and 18). Improvements due to 
reinforcement in terms of a reduction in base thickness are apparent from 
the data in Tables 17 and 18 and other tables and figures in this chapter. 
The actual reduction in base thickness is equal to the base thickness 
without reinforcement indicated in the table or figure multiplied by the 
percent reduction, expressed as a decimal. 
The results of this analytical study for the standard reference section 
having a 2.5 in. (64 mm) thick asphalt surfacing and a relatively soft 
subgrade (Es = 3500 psi; 24 MN/m2 ) are summarized in Figures 37 and 38. The 
reduction in subgrade deformation gradually goes from about 45 percent to 10 
percent as the geosynthetic location moves from the bottom of the base to a 
location 2/3 up from the bottom. Conversely, the reduction of permanent 
deformation in the base becomes much greater as the reinforcement is moved 
upward in the base (Figure 38). 
In Figures 37 and 38 the solid symbols indicate observed reductions in 
rutting from the previously described Test Series 3 experiment. Geotextile 
reinforcement positions were at the bottom and center of the layer. 
Agreement between the observed and calculated reductions in rutting is 
reasonably good. The maximum measured reductions are greater than 
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Figure 37. Reduction in Subgrade Permanent Deformation. 
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Figure 38. Reduction in Base Permanent Deformation. 
properties of the test sections were, however, poorer than for standard 
reference sections. Also, the asphalt thickness of the experimental 
sections were only 1.2 in. (30 mm) compared to 2.5 in. (64 mm) for the 
analytically developed relations shown in the figures. 
Fatigue. 	The analytical results (Table 17) show for increasing fatigue 
life placing the reinforcement 1/3 to 2/3 up in the base is better than at 
the bottom. The maximum calculated changes in tensile strain in the asphalt 
were less than about 3 percent. These small changes in tensile strain, 
however, cause reductions in required base thickness of up to about 20 
percent (Table 17) for light pavements on a subgrade having a low resilient 
modulus Es = 3500 psi (24 MN/m2 ). The analytically calculated reductions in 
strain in the bottom of the asphalt surfacing were not validated by the 
experimental results which were inconsistent. Strain measurements from Test 
Series 3 indicate that placement of a stiff to very stiff geotextile in the 
middle of the aggregate base reduced the tensile strain by about 26 percent. 
In contrast, the measurements from Test Series 2 showed the strain in the 
bottom of the asphalt layer to be higher due to the placement of a stiff 
geogrid at the bottom of the layer. 
Full-scale measurements made by van Grup, et al. [41] did indicate an 
extremely stiff steel mesh reinforcement placed at the top of the aggregate 
base can reduce tensile strains by about 18 percent under certain 
conditions. If only fatigue is of concern, the reinforcement should be 
placed at the top of the base. 
Summary. The optimum position of the geosynthetic with respect to 
minimizing permanent deformation depends upon the strength of the section, 
specific material properties and loading conditions. The optimum depth 
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might also be dependent upon the width of wheel load although this variable 
was not investigated. To minimize rutting in the aggregate base, the 
optimum reinforcement position is near the middle of the base, or perhaps as 
high as 2/3 up as indicated by the analytical study. Consideration should 
be given to placing the reinforcement near the middle of the base when low 
quality aggregate bases are used which are known to be susceptible to 
rutting. A greater beneficial effect will also be realized for this higher 
location of reinforcement with respect to fatigue of the asphalt surfacing. 
The analytical results indicate that when high quality base materials 
and good construction practices are employed, reinforcement, when used, 
should be placed in the bottom of the base. The purpose of this 
reinforcement would be to reduce rutting within a soft subgrade typically 
having a CBR<3 percent. Both the laboratory tests and the analytical study 
indicates placement of the reinforcement at the bottom of the layer should 
be most effective where a soft subgrade is encountered, particularly if it 
is known to be susceptible to rutting. 
The analytical results indicate to minimize fatigue cracking of the 
asphalt surfacing, the reinforcement should be placed somewhere between the 
middle and the top of the layer. Reductions in tensile strain indicated by 
the analytical theory due to reinforcement might not be as great as actually 
occur in the pavement. The reduction in tensile strain in general should be 
considerably less for full size sections than the 26 percent reduction 
observed for Test Series 3. Nevertheless, even small reductions in tensile 
strain in the bottom of the asphalt can give for equal fatigue performance 
large reductions in required aggregate base thickness. The experimental 
results of van Grup and van Hulst [41] which used steel mesh reinforcement 
are quite promising for the reduction of fatigue cracking. 
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Base Quality  
Use of a low quality base can result in a significant reduction in the 
level of pavement performance due to increased permanent deformation and 
asphalt fatigue as a result of a lower resilient modulus. A low quality 
base might be caused by achieving a compaction level less than 100 percent 
of AASHTO T-180 density, or by using low quality materials. Low quality 
aggregate bases would include those having a fines content greater than 
about 8 percent and also gravels, sand-gravels and soil-aggregate mixtures. 
A high fines content base may also be frost susceptible [54]. 
Observed Test Section Improvements. 	The pavement used in Test Series 1 had 
a 1.4 in. (36 mm) bituminous surfacing and 6 in. (150 mm) thick sand-gravel 
base. The pavement failed after about 1262 wheel repetitions (Table 13). 
At this time the base of the control section without reinforcement had a 
permanent deformation of 0.69 in. (18 mm). The companion section having a 
very stiff geotextile (S g = 4300 lbs/in.; 750 kN/m) at the bottom of the 
base had a corresponding permanent deformation of only 0.35 in. (9 mm). 
Thus, for under-designed sections having low quality bases, geosynthetic 
reinforcement can reduce base rutting up to about 50 percent as observed in 
Test Series 1. Of interest is the finding that at about one-half of the 
termination rut depth, the reduction in base rutting was also about 50 
percent. 
The same very stiff geotextile was used in Test Series 3 as for Test 
Series 1. As previously discussed, the sections included in Test Series 3 
were considerably stronger than the first series. Test Series 3 sections 
had a thicker 8 in. (200 mm) crushed limestone base and an asphalt surfacing 
rather than the rolled asphalt used in the first series. The pavement of 
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Test Series 3 withstood about 100,000 load repetitions, confirming it was a 
higher quality pavement than used in the first series. 
When the very stiff geosynthetic reinforcement was placed at the bottom 
of the base, permanent deformation within the base was reduced by only 3 
percent compared to 50 percent for the lower quality pavement of Test Series 
1. In contrast, placement of the same reinforcement at the center of the 
base resulted in a 31 percent reduction of permanent deformation within the 
base. 
Analytical Results. 	Results of a nonlinear finite element analysis 
indicate that for low quality bases, the ratio of the average resilient 
modulus of the base to that of the subgrade (Eb/E s ) averages about 1.45 
compared to about 2.5 for high quality materials for the sections studied. 
Therefore, reductions in rutting in the light reference pavement previously 
described were developed for both of the above values of modular ratios 
(Table 19). The stress state within the pavement was first calculated using 
the cross-anisotropic analysis and these modular ratios. The layer strain 
approach was then employed together with appropriate permanent strain 
properties to calculate permanent deformations. 
Both a high quality base (indicated in the tables as a "good" base), 
and a low quality base (indicated as a "poor" base) were included in the 
layer-strain analyses (Table 19). A complete description of the layer 
strain approach and the permanent strain material properties are given in 
Appendix C. 
Calculated permanent deformations are given in Tables 17 and 18 for 
both the poor and good bases for a modular ratio Eb/E s = 2.5. This was done 
to extend the results and develop a better understanding of the influence of 
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quality base properties should probably not have been used with the stress 
states obtained from analyses for Eb/Es = 2.5. The results for a lower 
modular ratio E b/Es = 1.45, which are more suitable for lower quality base 
pavements, are given in Table 19. 
Use of a geosynthetic reinforced low-quality aggregate base causes 
about 3 times greater reduction in actual permanent displacement in the base 
than for a high quality base. The analytical results indicate little change 
occurring in permanent deformation in the base as the position of the 
geosynthetic was varied. The experimental findings, however, show 
reinforcement at the middle of the base to be most effective and is 
preferred to reduce base rutting. 
Geosynthetic Stiffness  
The analytical results indicate that geosynthetic stiffness has an 
important effect upon the level of improvement as shown in Figures 39 and 40 
(refer also to Tables 17 and 18). For stiffnesses greater than about 4000 
lbs/in. (700 kN/m), the rate of change in improvement with increasing 
stiffness appears to decrease. 
The pavement sections given in Figures 39 and 40 have an asphalt 
surface thickness of 2.5 in. (64 mm) and a subgrade with a resilient modulus 
of 3500 psi (24 MN/m2 ) corresponding to a CBR of about 3 percent. Base 
thicknesses varied from 9.75 to 15.3 in. (250-390 mm). 
For these conditions, an AASHTO design for 200,000 equivalent 18 kip 
(80 kN) single axle loads (ESAL's) has a base thickness of about 12 in. (300 
mm). The equal vertical subgrade strain analytical approach (Figure 39) 
indicates that allowable reductions in base thickness for this design 
increase from about 3 to 16 percent as the geosynthetic stiffness increases 
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determined by layer strain theory are reduced from 12 to 36 percent for a 
similar variation in geosynthetic stiffness (Figure 40a). The experimental 
results suggest the levels of improvement in rutting shown in Figure 40 
might be too high for the pavement section used in the comparison. 
From a practical viewpoint, these results indicate that very low stiffness 
geosynthetics (S g < 800 lb/in.; 140 kN/m) would be expected to have no 
noticeable effect on pavement performance. This would be true even for the 
relatively light structural sections shown in Figures 39 and 40. 
Structural Strength  
The beneficial effect of reinforcement in terms of reduction in base 
thickness and rutting decreases as the overall base thickness becomes 
greater when all other variables are held constant. Consider the light 
reference pavement described in the previous section (2.5 in. AC, E s = 3500 
psi; 64 mm, 24 MN/m 2 ), with reinforcement in the bottom having an S g = 4000 
lbs/in. (700 kN/m). Increasing the base thickness from 9.75 in. (250 mm) to 
15.3 in. (400 mm) results in a very small reduction in base thickness 
decreasing from 14 to 12 percent based on the subgrade strain criteria 
(Figure 39a). Reductions in rutting of the base and subgrade computed by 
layer strain theory were from 39 to 22 percent. The total reduction in 
permanent deformation increases from about 10 to 55 percent as the thickness 
of the pavement decreases from 15 to 6 in. (381-150 mm) as shown in Figure 
41. 
The results of Test Series 2 and 3 suggest actual levels of improvement 
in permanent deformation for the sections shown in Figures 39 and 40 might 
not be as great as indicated by layer strain theory. However, for the first 
series of laboratory pavement tests, the observed reduction in rutting due 
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and placed on a poor subgrade (E s 	2000 psi; 13.8 MN/m2 ). Thus, both the 
laboratory and analytical results indicate if the system is weak enough so 
that stresses are close to failure, important reductions in 
permanent deformations can be achieved by base reinforcement. 
Now consider the effect of significantly increasing the load carrying 
capacity of the pavement from the 200,000 ESAL's of the previous example to 
perhaps a more typical value of 2,000,000 ESAL's. The subgrade resilient 
modulus will remain the same with E s = 3500 psi (24 MN/m 2 ). Let the asphalt 
surfacing increase from 2.5 to 6.5 in. (54-165 mm), with an aggregate base 
thickness of about 12.4 in. (315 mm). For a section having this structural 
strength, relatively small changes in stress result from the applied loading 
either with or without reinforcement (Table 3). For example, the total 
change in radial stress due to loading near the top of the subgrade is less 
than 0.1 psi (0.7 kN/m2 ). Hence, as shown in Table 18, very little 
reduction in rutting occurs as a result of reinforcement. This conclusion 
is in agreement with previous observations of Brown, et al. [37] for large-
scale laboratory pavements and by Ruddock, et al. [21,30] for a full-scale 
pavement having a comparable bituminous thickness to the section above. 
Subgrade Strength. A decrease in the strength of the subgrade as defined 
by the subgrade stiffness E s has a very dramatic beneficial effect on the 
level of improvement due to reinforcement that can be expected based on the 
fatigue and rutting equal strain comparisons. Consider a pavement having an 
asphalt surface thickness of 2.5 in. (64 mm), and a base thickness of 9.7 
in. (250 mm). Figure 42 shows that a reduction in subgrade stiffness from 
Es = 12,500 psi (86 MN/m2 ) to 3500 psi (24 MN/m2 ) causes the decrease in 
base thickness due to reinforcement to increase from about 5 to 14 percent 
for a stiff geosynthetic having S g = 4000 lbs/in. (700 kN/m). For a similar 
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section having a reinforcement stiffness S g = 6000 lbs/in. (1000 kN/m), the 
corresponding decrease in base thickness is from 6 to 16 percent as the 
stiffness of the subgrade decreases. These comparisons are both for equal 
vertical subgrade strain; this criterion gives the greatest reductions in 
base thickness. 
For a given structural section, the layer strain theory would also show 
a significant increase in beneficial effect with regard to rutting as the 
strength of the subgrade decreases. For all computations of permanent 
deformation using the layer strain approach, however, the same subgrade 
permanent strain properties were used, regardless of the resilient modulus 
employed in the analysis. Suitable permanent deformation properties for 
other subgrades were not available. 
Slack 
During installation of a geosynthetic, slack in the form of wrinkles 
and irregularities may develop in the reinforcement. As a result, its 
effectiveness as a reinforcement may be significantly reduced as indicated 
by a supplementary nonlinear finite element sensitivity study. Figure 43 
shows that even a small amount of slack in a geosynthetic theoretically can 
result in a very significant reduction in the force developed in the 
reinforcement. The rate of reduction in geosynthetic force becomes less as 
the amount of slack increases. 
For the purposes of this study, slack was defined in terms of strain in 
the geosynthetic. Hence, slack expressed as a displacement equals a 
geosynthetic length, such as its width, times the slack expressed as a 
decimal. A slack of 0.1 percent corresponds to 0.14 in. (3.6 mm) in a 
distance of 12 ft. (3.6 m). Slack in a geosynthetic as small as about 0.1 
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percent of its width reduces the geosynthetic force by about 60 percent, and 
a slack of 0.4 percent causes a 90 percent reduction in force (Figure 43). 
In an actual installation, the effect of slack may not be quite as 
great as indicated by theory. This would be due to the geosynthetic 
generally being in full contact with the surrounding materials after 
construction has been completed. In laboratory tests, such as those 
performed for this study, slack can be easily removed by hand stretching the 
small pieces of geosynthetic required in these tests. In full-scale field 
installations, slack is an important practical consideration which must be 
minimized through proper construction practices as discussed later. 
Poisson's Ratio. 	The value of Poisson's ratio of the geosynthetic was 
found to have a moderate effect on the force developed in the geosynthetic. 
As the value of Poisson's ratio increases, the force developed in the 
geosynthetic also becomes larger, and hence the effectiveness of the 
reinforcement increases. For light pavement sections on a weak subgrade, 
increasing Poisson's ratio v from 0.2 to 0.4 results in a 29 percent 
increase in the force developed in the geosynthetic; corresponding 
reductions in tensile strain in the asphalt surfacing and vertical 
compressive strain on the subgrade are less than 0.2 and 1 percent, 
respectively. Further, the compressive increase in radial stress is only 
about 0.075 psi (0.5 MN/m 2 ) as shown in Figure 14. A Poisson's ratio of 0.3 
was used in all other sensitivity analyses. 
In summary, if all other factors are equal, the geosynthetic having the 
greatest value of Poisson's ratio should perform best. The improvement in 
performance for moderate increases in Poisson's ratio should be reasonably 
small. Such improvements would be very hard to detect experimentally 
because of variability in the results. Practically no information is 
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presently available concerning the value of Poisson's ratio for 
geosynthetics. 
Geosynthetic Slip  
A slip failure can occur along the interfaces between the geosynthetic 
and the materials above and below. The occurrence of interface slip reduces 
the effectiveness of the geosynthetic reinforcement. As the rutting beneath 
the geosynthetic increases, the tendency to slip also increases. Whether 
slip occurs depends upon (1) the shear strength (T) that can be developed 
between the geosynthetic and the materials in contact with it, and (2) the 
level of shear stress developed along the interface due to the external load 
applied to a particular pavement structure. The level of applied shear 
stress is related to both the resilient and permanent deformations in the 
pavement, including the shape of the deflection basin. 
Slip may occur directly at the interface between the geosynthetic and 
the adjacent soil, or by sliding of soil on soil immediately adjacent to the 
interface. The resulting ultimate interface shear stress, (T) for sliding 
at the interface can be predicted by the expression: 
= Ca 	an tans 
	
(1 ) 
where: T = ultimate shearing resistance along the 
interface 
stress acting normal to the geosynthetic 
adhesion 
friction angle 
The contact efficiency e between the geosynthetic and the surrounding 
material is defined as e = d/0 and is expressed as either a percent of 0 or 





found to exhibit high efficiencies when in contact with most geotextiles. 
Angular soil grains exhibit better friction performance than rounded grains. 
Testing Methods. The interface friction characteristics of a geosynthetic 
to be used for aggregate base reinforcement can be best evaluated using a 
direct shear test [55-59] as compared to a pullout type test [55,60,61]. 
Either a free or a fixed type direct shear test can be used. The free type 
direct shear test appears, however, to be preferable to the fixed test. In 
the free type direct shear test, one end of the geosynthetic is left free as 
shown in Figure 44. The same materials to be used in the field should be 
placed below and above the geosynthetic, and carefully compacted to the 
densities expected in the field. When large size base course aggregates are 
used, the apparatus should be at least 8 and preferably 12 in. (200-300 mm) 
on a side. Frequently the materials are saturated before performing the 
test. 
In the fixed shear test development of strain in the geosynthetic is 
prevented and this can have an important effect on the interface friction 
developed [61] particularly if it has a relatively low in-plane stiffness. 
Bonding the geosynthetic to a rigid block is another technique which has 
been used but this hampers natural soil grain penetration and •nteraction 
with the underlying material. Nevertheless, Ingold [61] found relatively 
small differences in results between fixed and free type tests. 
Interface Behavior. 	A slip type failure tends to develop under low 
confining stress and for smooth, stiff geosynthetics which resist 
penetration of soil grains into the surface [56]. For conditions where soil 
grains penetrate into the surface, failure develops a small distance from 
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Figure 45. Influence of Geosynthetic Pore Opening Size on Friction 
Efficiency (Data from Collios, et al., Ref. 55). 
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and rolling, sliding, dilation, and interlock of soil grains [56]. Cohesive 
soils require less surface roughness than cohesionless materials for 
development of a "soil on soil" failure immediately adjacent to the 
geotextile. 
The contact efficiency for loose sands in contact with a wide range of 
geotextiles is close to the angle of internal friction, with the range in 
contact efficiency typically varying from about 90 to 100 percent of 0 [62]. 
For dense sands the contact efficiency is lower, typically varying from 
about 75 to 90 percent but it can be as great as 100 percent [57,62]. 
When the effective grain size of the soil on the side which has 
relative movement is smaller than the pore openings of the geosynthetic, 
contact efficiency is high. Factors that otherwise would be important have 
in general only minor influence on the friction behavior. As pore openings 
of the geosynthetic increase (or the grain size of the soil decreases), 
better penetration of the grains into the pores of the geosynthetic occurs, 
and hence the friction angle (6) becomes greater as illustrated in Figure 45 
for a crushed gravel. When the material particle size is less than the 
openings of the reinforcement, the contact efficiency may be greater than 
100 percent (i.e., 6/0 > 1). A high contact efficiency is, therefore, 
achieved for most materials placed against very open reinforcement such as 
geogrids. Clays also have a high contact efficiency [55]. 
A geotextile that is compressible in the direction perpendicular to the 
plane of the fabric allows better penetration of particles. This has been 
observed for nonwoven, needle-punched geotextiles by Martin, et al. [57]. 
The inplane stiffness of the geotextile also affects interface friction 
behavior. Consider two geotextiles having the same size pore openings. The 
geotextile having the higher inplane stiffness reaches the peak interface 
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shear stress at a much lower deformation than the lower modulus 
geosynthetic. The lower stiffness geosynthetic, however, eventually reaches 
a higher peak shear stress [55]. 
Aggregate Bases. 	Collios, et al. [55] found for tests involving stone on 
stone the contact efficiencies of three different large stones to be 86 
percent for crushed gravel and 66 percent for rounded gravel compared to 84 
percent for sand. These friction test results are applicable when a 
geotextile is placed within a granular layer, since stone was located both 
above and below the geosynthetic. 
Usually the geosynthetic has been placed at the interface between the 
granular base or subbase and the subgrade. To simulate field conditions, 
the subgrade soil should be compacted in the bottom of the shear box, and 
the coarse base or subbase aggregate in the top [59,63]. 
The relative displacement required to develop full shear strength at a 
ballast-geosynthetic interface was found by Saxena and Budiman [59] to be 
about 1.6 in. (41 mm). This large displacement was about three times that 
required at the soil-geosynthetic interface on the other side. Upon cycling 
the shear stress, up to 40 percent loss of interface shear strength was 
observed. The loss of shear strength appeared to be due to the ballast 
pulling the fibers and causing severe deterioration of the geotextile. 
The deflection required to reach peak shear stress is a function of the 
particle size and the normal stress. Typically displacements of 0.1 to 0.4 
in. (3-10 mm) are required [56]. However, for large base course aggregate 
or very rough geosynthetics, as much as 1 to 2 in. (25-50 mm) of 
displacement may be necessary to mobilize full interface strength [59]. 
Hence for the pavement problem where deformations are small, full interface 
strength would probably not be mobilized. 
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Robnett and Lai [63] have determined typical values of adhesion and 
friction angle for geotextiles exhibiting both good and poor friction 
characteristics. These results changed into a slightly different form are 
given in Table 20. The occurrence of relatively large adhesion for slippage 
at both the soil and the stone-geotextile interface is in agreement with the 
findings of Saxena and Budiman [59]. 
Grid Reinforcement. 	Both metallic and polymer type grid reinforcements 
have large openings. As a result well-graded base coarse aggregates 
protrude through the openings and hence exhibit a high contact efficiency. 
The high contact efficiency has in the past been attributed for granular 
materials to aggregate interlock. Jewell, et al. [64] have presented an 
excellent discussion of the interaction between a geogrid and soil and give 
contact efficiencies for seven aggregates. In addition to the mechanisms 
previously discussed, a bearing capacity type failure may occur in front of 
the transverse members of a grid. 
Ingold [61] has found the contact efficiency of a geogrid for the free, 
direct shear test to be about 106 percent, compared to 88 percent for the 
fixed shear test. A medium to coarse sand with some gravel was used in the 
comparison. 
Slip in Reinforced Pavements. The shear stresses developed at the 
geosynthetic interface become larger and, hence, a greater tendency to slip 
occurs as the total deflection of the geosynthetic increases. The 
laboratory shear test results show that a relative movement of up to 2 in. 
(50 mm) between a geosynthetic and a soft cohesive soil is required to 
mobilize full friction. Nonlinear finite element analyses indicate that 
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Table 20 
Typical Friction and Adhesion Values Found for Geosynthetics 
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slip is not likely to occur for sections of moderate strength or subgrades 
with a CBR 3 percent. 
For lighter sections and/or lower strength subgrades, slip does appear 
to become a problem. Problems with slip and also separation can occur at 
deformations less than 0.25 in. (6 mm) if the full friction in the 
geosynthetic is not mobilized. These results indicate that only 
geosynthetics with good friction characteristics should be used for 
reinforcement. 	The experimental results showing that a stiff geogrid 
performed better than a very stiff woven geotextile supports this finding. 
From the previous discussion of friction, a nonwoven needle-punched 
geosynthetic should have better frictional characteristics than a woven 
geotextile, but probably not as high a friction as a geogrid. 
Type of Geosynthetic Reinforcement  
Reinforcement. A geogrid and a woven geotextile were placed at the center 
of the base in two different sections in Test Series 4. The geogrid, 
despite its lower stiffness, gave better performance than the much stiffer 
woven geotextile (refer for example to Table 13 and Figures 18d and 19). 
The stiffness of the geogrid was about 1700 lbs/in. (300 kN/m) compared to 
' about 4300 lbs/in. (750 kN/m) for the very stiff geotextile. The better 
performance of the geogrid under the relatively light wheel loading might be 
caused by better interface friction characteristics due to interlocking 
between the geosynthetic and the aggregate base. 
Results of the two supplementary single track test studies (Figures 22c 
and 28c) appears to suggest that the stiff, woven geotextile used in this 
project required a much higher deformation to mobilize an equal level of 
reinforcing potential. This seems to indicate that the strengthening 
observed in the tests was not due to membrane effects but rather to local 
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reinforcement, probably caused by small increases in lateral confining 
pressure. This conclusion is supported by the work of Panner, Haas and 
Walls [40]. These results show that special consideration must be given in 
an analytical study of sections having geogrid compared to geotextile 
reinforcement. 
Separation. The woven geotextile performed better than the very open mesh 
geogrid in performing as a separator between subgrade and base. The amount 
of subgrade soil contamination of the base in sections having the geotextile 
was negligible, while in geogrid sections it was as great as 1.5 in. (38 
mm). Geogrids were of course not developed to perform the function of 
separation. The separation effect is not considered to be significant for 
this study in regard to improvement in pavement performance. 
PRERUTTING 
As previously discussed, slack in the geosynthetic can very 
significantly reduce its effectiveness as a reinforcement. One very 
efficient method of removing slack and even applying some pretensioning to 
the geosynthetic is by means of prerutting as demonstrated by Barenberg 
[65]. The performance of a number of prerutted sections both reinforced and 
non-reinforced were evaluated during the laboratory phase of this 
investigation. 	A geotextile and a geogrid were placed at both the bottom 
and middle of the aggregate base of different sections. Prerutting was 
carried out in both a sand-gravel and a crushed dolomitic limestone base. 
Prerutting was performed by applying applications of a wheel load to 
the top of the aggregate base before the asphalt surfacing was applied. The 
loading was carried out along a single wheel path until the desired level of 
rutting was developed. When loading was conducted above instrumentation, 
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prerutting was continued until a rut depth was developed on the subgrade of 
about 0.75 in. (19mm) for the first test series which involved very weak 
sections. For the subsequent stronger test series where instrumentation was 
present a subgrade rut depth of 0.4 in. (10 mm) was developed. If 
instrumentation was not present, prerutting was continued until a surface 
rut of about 2 in. (50 mm) was achieved in the sections having an 8 in. (200 
mm) thick aggregate base. This level of rutting was approximately 
equivalent to a 0.4 in. (10 mm) subgrade rut. The number of load 
repetitions required to accomplish prerutting was between 5,000 and 10,000. 
The experimental results of Test Series 2 (Figure 22b) indicate that 
prerutting an aggregate base reinforced with a geosynthetic results in an 
important overall reduction in surface rutting of the completed pavement. 
Reinforced sections which have been prerutted can reduce surface rutting by 
30 percent or more compared to non-prerutted sections. Prerutting appears 
to reduce vertical resilient and permanent strains in the base and subgrade 
(Figures 23(a) and (b) and Figure 24(a) and (b). 	The vertical stress on 
the subgrade appears to remain relatively constant with number of load 
repetitions until the pavement has been severely damaged (Figure 26a). The 
vertical subgrade stress developed in non-prerutted sections tended to 
increase at a gradually increasing rate throughout the test. 
Supplementary tests showed, however, that prerutting a non-reinforced 
section is just as effective as prerutting one which is reinforced (Figure 
28b). Therefore, prerutting alone is the mechanism which explains the 
observed improvement in performance. The presence of a geosynthetic 
reinforcement appears not to affect the efficiency of prerutting. The 
results from Test Series 2 (Table 13) indicate an 85 percent reduction in 
subgrade rutting, and a 60 percent reduction in base rutting apparently due 
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to prerutting. Prerutting therefore appears to be most effective in 
reducing the permanent deformation in the soft subgrade but can also 
significantly reduce rutting in an aggregate base. 
Prerutting is beneficial because of the additional compactive effect 
applied to the aggregate base, similar to that from a pneumatic-tired 
roller. Prerutting normally results in the formation of a denser, stiffer 
zone at the top of the aggregate layer. Improved resistance to permanent 
deformation and less rutting are thus achieved. Prerutting alone has more 
benefit than placing a geosynthetic at an effective location (Figure 28b). 
Care must be taken, however, in prerutting a weak granular base which tends 
to shear rather than densify under a concentrated wheel load. The formation 
of shear planes or a weakened zone within the aggregate layer as a result of 
prerutting can have a detrimental effect on pavement performance. This 
mechanism was indicated by a high permanent deformation in the weak 
aggregate layer of the prerutted section in the first test series (Figure 
20a). 
PRESTRESSED GEOSYNTHETIC 
Basic Prestressing Concepts  
One potential approach for improving pavement performance is to 
prestress the geosynthetic [35,36]. This can be achieved by the following 
procedure: (1) Stretch the geosynthetic to a desired load level, (2) Hold 
the geosynthetic in the stretched position until sufficient material is 
above it to prevent slip, and then (3) Release the prestress force. Upon 
release, the geosynthetic prestressing element tries to return to its 
original, unstretched condition. The friction developed between the 
geosynthetic and the surrounding soils restrains the geosynthetic from 
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moving. As a result, the force from the geosynthetic is transferred to the 
surrounding soil as a compressive lateral stress. 
The mechanism of load transfer to the aggregate base and subgrade is 
through the shear stress developed along the sides of the geosynthetic. If 
sufficient friction cannot be developed to hold the geosynthetic in place, 
part of the beneficial effect of prestressing is lost through slippage along 
the interface of the geosynthetic. The shear stress distribution developed 
along the geosynthetic is approximately as shown in Figure 46. Important 
losses of prestress force are also developed through stress relaxation. 
Stress relaxation is a loss of force in the geosynthetic occurring when it 
is prevented from undergoing any deformation; stress relaxation can be 
visualized as the inverse of creep. The loss of prestressing effect through 
stress relaxation is unavoidable. Stress relaxation in geosynthetics can be 
quite large and is highly dependent upon the material type with less stress 
relaxation occurring in polyester geosynthetics. 
Experimental Findings  
The stiff polypropylene geogrid was used for the prestressing 
experiments. The geogrid was initially stretched to a force of 40 lbs/in. 
(7 kN/m) and then, the sides were rigidly clamped against the walls of the 
test facility during construction of the aggregate base and asphalt 
surfacing. After construction, the clamps were removed. Prestress loss due 
to stress relaxation probably reduced the effective applied prestress force 
to perhaps 20 lbs/in. (3.5 kN/m), which was the prestress level used in the 
analytical study. The improvement of pavement performance was clearly 
indicated by the results of the fourth test series as shown in Figures 18 
and 19 (refer also to Table 15). The pavement with prestressed geogrid 
performed better than both a non-prestressed section reinforced with a stiff 
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Figure 46. Variation of Shear Stress Along Geosynthetic Due 
to Initial Prestress Force on Edge. 
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geogrid (S g = 1700 lb/in.; 300 kN/m), and a very stiff woven geotextile (S g 
 = 4300 lbs/in.; 750 kN/m) reinforced section. At 10,000 load repetitions 
the prestressed geogrid pavement had about 30 percent less permanent 
deformation than the corresponding non-prestressed geogrid section, which 
was the next most satisfactory one. 
The measured strain in the bottom of the asphalt surfacing of the 
prestressed section at 10,000 load repetitions was about 30 percent less 
than in a geotextile reinforced section not prestressed (Table 13). By 
70,000 repetitions, however, the difference in measured strain was only 
about 5 percent. An important unknown is whether the apparent loss of the 
beneficial effect of prestressing on strain was due to general deterioration 
of the pavement as a result of reaching the end of its life, or loss of 
prestress with increase in lapsed time from construction. If the beneficial 
effect of prestressing on tensile strain was a result of general pavement 
deterioration, then prestressing should be quite effective in increasing 
fatigue life. On the other hand, if the loss of prestress was due to stress 
relaxation with time, prestressing would probably not be effective in a 
field installation for a pavement having a life of 10 to 20 years or more. 
Of considerable practical importance is the finding that the prerutted 
section having a very stiff geotextile in the middle performed equally well 
compared to the prestressed section. It then follows from the other results 
of the experimental study that prerutting a section without a geosynthetic 
should be just as effective in terms of reducing permanent deformation as 
prestressing (Figures 28c and 28d). This conclusion is valid for the 
conditions of the study including using a polypropylene geogrid with Sg = 
1700 lbs/in. (300 kN/m) initially stressed to 40 lbs/in. (7 kN/m). 
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Analytical Results  
In the analytical study of prestress effects, an effective prestress 
force of 20 lb/in. (3.5 kN/m) was applied. This represents the net force 
existing after all losses including stress relaxation. The standard 
reference section was used consisting of a 2.5 in. (64 mm) asphalt 
surfacing, a variable thickness base and a subgrade with E s = 3500 psi (24 
MN/m2 ). Prestressing the center of the aggregate base based on tensile 
strain in the asphalt surfacing resulted in large reductions in base 
thickness varying from about 25 to 44 percent (Table 21). For a base 
thickness of 11.9 in. (300 mm), expected reductions in total permanent 
deformation are on the order of 20 to 45 percent. For general comparison, 
the observed reductions in total rutting of the lighter prestressed 
experimental section was about 60 percent compared to the non-prestressed, 
geotextile reinforced section with reinforcement at the center. 
The analytical results indicate prestressing the center of the layer 
would have little effect on the vertical subgrade strain and may even 
increase it by a small amount; reduction in rutting of the subgrade would 
also be small. The experimental results, however, demonstrate that 
prestressing the center of the layer can for very light sections also lead 
to important reductions in permanent deformation of both the base and 
subgrade. With this exception, the analytical results tend to support the 
experimental finding that prestressing the middle of the aggregate base 
should greatly improve rutting of the base and fatigue performance. 
The analytical study indicates prestressing the bottom of the layer is 
quite effective in reducing permanent deformation, particularly in the 
subgrade. For the reference section reductions in permanent deformation 
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thickness based on vertical subgrade strain of about 35 percent (Table 21). 
The analytical results indicate prestressing the bottom of the base is not 
as effective, however, as prestressing the middle with respect to reducing 
tensile strain in the asphalt surfacing. 
Pretensioning: Practical Field Considerations  
To achieve the demonstrated potential for an important improvement in 
performance, the geosynthetic should be prestressed in the direction 
transverse to that of the vehicle movement. Proper allowance should be made 
for prestress loss due to stress relaxation, which would depend upon the 
type and composition of the geosynthetic and the initial applied stress 
level. Allowance must also be made for all other prestress losses resulting 
between the time pretensioning is carried out and the prestress force is 
transferred to the aggregate base. These losses would be related to the 
method used to apply and maintain the prestress force and the skill and care 
of the crew performing the work. Probably an initial pretensioning force on 
the order of 40 lbs/in. (7 kN/m), which is the force used in the laboratory 
tests, would be a reasonable starting point for additional field studies. 
One approach that could be employed for applying the pretensioning 
force would be to place sufficient stakes through loops into the ground 
along one side of the geosynthetic to firmly anchor it. An alternate 
approach would be to use a dead - weight anchor such as a loaded vehicle. 
Probably the most efficient method would be to apply the pretensioning 
force to the other side of the geosynthetic using an electrically powered 
winch attached to a loaded truck. The truck would supply the dead weight 
reaction necessary to develop the pretensioning force. A rigid longitudinal 
rod or bar would be attached along the side of the geosynthetic to 
distribute the pretensioning force uniformly. The pretensioning force could 
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be applied by one winch to about a 10 to 15 ft. (3-4.6 m) length of 
geosynthetic. To minimize bending in the rod or bar attached to the 
geosynthetic, the cable leading to the winch would be attached to the bar at 
two (or more) locations to form a "V" shape. It might be desirable to 
pretension two or more lengths of geosynthetic at a time. 
The pretensioning force could then be maintained on the geosynthetic 
until sufficient aggregate base is placed and compacted over it to provide 
the necessary friction force to prevent slippage. If base construction was 
not progressing rapidly, as would likely be the case, it would be necessary 
to anchor the side of the geosynthetic being pretensioned probably using 
stakes. The winch and cable system could then be removed and used to 
pretension other segments of the geosynthetic. 
Prestressing the base would most likely be carried out where the 
subgrade has a CBR less than 3 to 4 percent, or where a low quality 
aggregate base is used. For conditions where a soft subgrade exists, 
temporary anchorage of the geosynthetic becomes a serious problem. For 
example, consider a soft subgrade having an undrained shear strength of 
about 500 psf (24 kN/m2 ). Wood stakes 2 in. by 2 in. (50 by 50 mm) by 3 ft. 
(0.9 m) in length having a spacing of about 2 to 3 ft. (0.5-0.9 m) would be 
required to hold a light initial pretensioning load of only about 20 lbs/in. 
(3.5 kN/m). The cost to just apply this light level of pretensioning to a 
geogrid by an experienced contractor would probably be about 1 to 1.5 times 
the geogrid cost. 
Thus, the practicality of applying even a light pretensioning force to 
pavements constructed on soft subgrades having undrained shear strengths 
less than about 500 psf (24 kN/m2 ) is questionable. Even moving equipment 
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over very soft soils to provide temporary dead weight, anchorage would 
probably not be practical. 
SUMMARY 
The presence of geosynthetic reinforcement causes a small but 
potentially important increase in the confining stress and reduction in 
vertical stress in the base and upper 6 to 12 in. (150 to 300 mm) of the 
subgrade. The stiffness of the geosynthetic is an important factor, and 
should be greater than 1500 lb/in. (260 kN/m) for base reinforcement to 
start to become effective. A geogrid performs differently than a woven 
geotextile reinforcement. The laboratory tests indicate that a geogrid 
having a stiffness of about 1500 lbs/in. (260 kN/m) performs about the same 
as a woven geotextile having a stiffness of about 4000 lb/in. (700 kN/m). 
For light pavement sections (SN ; 2.5 to 3) where stresses are high, 
reinnforcement can have an important effect on reducing rutting in the base 
and upper part of the subgrade. For heavier sections the potential 
beneficial effect of reinforcement tends to decrease rapidly. In heavier 
sections, however, reinforcement may be beneficial where low quality bases 
or weak subgrades are present; this aspect needs to be established using 
full-scale field tests. 
The experimental and analytical results indicate that important 
reductions in rutting can, at least under idealized conditions, be achieved 
through prestressing the aggregate base. The experimental results indicate 
that prerutting the base without the use of a geosynthetic is equally 
effective at least with respect to reducing permanent deformations. 
Prerutting would very likely be less expensive than prestressing and should 
be effective over an extended period of time. 
138 
The experimental results on the prestressed sections were obtained for 
short-term tests performed under idealized conditions. Loss of prestress 
effect in the field and prestress loss due to long-term stress relaxation 
effects are certainly important practical considerations that can only be 
fully evaluated through full-scale field studies. Limited strain 
measurements made in the bottom of the asphalt surfacing of the prestressed 
section indicates an important loss of benefit occurs with either time or 
deterioration of the pavement. 
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ECONOMIC CONSIDERATIONS 
Prerutting and Prestressing. 	The most promising potential method of 
improvement appears to be prerutting a non-reinforced aggregate base. 
Prerutting without reinforcement should give performance equal to that of 
prestressing and significantly better performance compared to the use of 
stiff to very stiff non-prestressed reinforcement. Further, prerutting is a 
more positive treatment than prestressing. 
The cost of prerutting an aggregate base at one level might be as small 
as 50 percent of the inplace cost of a stiff geogrid (S g = 1700 lbs/in.; 300 
kN/m). Further, prestressing the same geogrid would result in a total cost 
equal to about 2 times the actual cost of the geogrid. Therefore, the total 
expense associated with prestressing might be as great as 5 times that of 
prerutting the base at one level when a geosynthetic reinforcement is not 
used. Prerutting without reinforcement is relatively cheap and appears to 
be quite effective, at least with regard to reducing permanent deformations. 
Full-scale field experiments should, therefore, be conducted to more fully 
validate the concept of prerutting and develop appropriate prerutting 
techniques. 
Geosynthetic Reinforcement. 	The use of geosynthetic reinforcement is, in 
general, considered to be economically feasible only when employed in light 
pavements constructed on soft subgrades, or where low quality bases are used 
beneath relatively thin asphalt surfacings. Geosynthetic reinforcement may 
also be economically feasible for other combinations of structural designs 
and material properties where rutting is a known problem. 
General guidance concerning the level of improvement that can be 
achieved using geosynthetic reinforcement of the aggregate base is given in 
Figures 47 to 51 (refer also to Tables 17, 18 and 21). The results 
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Figure 49. Approximate Reduction in Granular Base Thickness as a 
Function of Geosynthetic Stiffness for Constant Radial 
Strain in AC: 2.5 in. AC, Subgrade CBR = 3. 
Figure 50. Approximate Reduction in Granular Base Thickness as a 
Function of Geosynthetic Stiffness for Constant 
Vertical Subgrade Strain: 6.5 in. AC, Subgrade CBR= 3. 
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roadway or embankment about 60 ft. (18 m) in width and requiring several 
feet of fill (Figure 53). The geosynthetic is first spread out over an area 
of about 200 to 300 ft. (60-90 m) in length. The material is rolled out in 
the short direction and any necessary seams made. Fingers of fill are then 
pushed out along the edges of the geosynthetic covered area in the direction 
perpendicular to the roll. Usually the fingers are extended out about 40 to 
100 ft. (12-30 m) ahead of the main area of fill placement between the 
fingers. The fingers of fill pushed out are typically 15 to 20 ft. (5-8 m) 
in width, and serve to anchor the two ends of the geosynthetic. When fill 
is placed in the center area, the resulting settlement stretches the 
geosynthetic. This technique is particularly effective in eliminating most 
of the slack in the geosynthetic where soft subgrade soils are encountered, 
and may even place a little initial stretch in the material. 
Pretensioning. 	If the geosynthetic is to be pretensioned, a suitable 
technique must be developed. Suggestions were made in Chapter III involving 
application of the pretensioning force by means of winches and cables. 
Effective methods of pretensioning, however, can only be developed and 
refined through studies including field trials. 
Prerutting. 	Appropriate techniques for prerutting the aggregate base in 
the field need to be established. Prerutting is just an extension of proof-
rolling and should probably be carried out with a reasonably heavy loading. 
Prerutting in the laboratory was carried out in a single rut path for a base 
thickness of 8 in. (200 mm). Development of a total rut depth of about 2 
in. (50 m) was found to be effective in reducing rutting in both the 8 in. 
(200 mm) aggregate base and also the subgrade. For full-scale pavements, it 




AREA BEING STRETCHED BY FILL 
SETTLEMENT ON WEAK SUBGRADE 
Figure 53. Placement of Wide Fill to Take Slack Out of 
Geosynthetic. 
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spaced about 12 in. (300 mm) apart. The actual rut spacing used would be 
dependent upon the wheel configuration selected to perform the prerutting. 
Prerutting an 8 in. (200 mm) base lift thickness in the field would be a 
good starting point. Caution should be exercised to avoid excessive 
prerutting. Prerutting could be performed at more than one level within the 
aggregate base. 
Wind Effects. 	Wind can complicate the proper placement of a geotextile. A 
moderate wind will readily lift or "kite" a geotextile. It is therefore 
generally not practical to place geotextiles on windy days. If geotextiles 
are placed during even moderate winds, additional wrinkling and slack may 
occur in the material. On the other hand, geogrids are not lifted up by the 
wind due to their open mesh structure and hence can be readily placed on 
windy days 142]. 
SEPARATION AND FILTRATION 
The level of severity of separation and filtration problems varies 
significantly depending upon many factors, as discussed in Appendix F, 
including the type of subgrade, moisture conditions, applied stress level 
and the size, angularity and grading of the aggregate to be placed above the 
subgrade. Separation problems involve the mixing of an aggregate base or 
subbase with the underlying subgrade. Separation problems are most likely 
to occur during construction of the first aggregate lift or perhaps during 
construction before the asphalt surfacing has been placed. Large, angular 
open-graded aggregates placed directly upon a soft or very soft subgrade 
result in a particularly harsh environment with respect to separation. When 
separation is a potential problem, either a sand or a geotextile filter can 
be used to maintain a reasonably clean interface. Both woven and nonwoven 
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geotextiles have been found to adequately perform the separation function. 
When an open-graded drainage layer is placed above the subgrade, the 
amount of contamination due to fines moving into this layer must be 
minimized by use of a filter to ensure adequate flow capacity and also 
strength. A very severe environment with respect to subgrade erosion exists 
beneath a pavement which includes reversible, possibly turbulent flow 
conditions. The severity of erosion is greatly dependent upon the thickness 
of the pavements which determines the stress applied to the subgrade. Low 
cohesion silts and clays, dispersive clays and silty fine sands are quite 
susceptible to erosion. Sand filters, when properly designed, should 
perform better than geotextile filters with regard to filtration, although 
satisfactorily performing geotextiles can usually be selected. Thick 
nonwoven geotextiles perform better than thin nonwovens or wovens partly 
because of their three-dimensional structure. 
Semi-rational procedures are presented in Appendix E for determining 
when filters are needed for the separation and filtration functions. 
Guidance is also given in selecting suitable geotextiles for use beneath 
pavements. These procedures and specifications should be considered 
tentative until further work is conducted in these areas. Whether a sand 
filter or a geotextile filter is used would be a matter of economics for 
most applications. 
DURABILITY 
Relatively little information is available concerning the durability of 
geosynthetics when buried in the ground for long periods of time. 
Durability is discussed in Appendix G. Several studies are currently 
underway which should contribute to an understanding of durability. 
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Consideration should be given to the environment in which they will be 
used. Polypropylenes and polyethylenes are susceptible to degradation in 
oxidizing environments catalized by the presence of heavy minerals such as 
iron, copper, zinc and manganese. Polyesters are attacked by strong 
alkaline and to a lessor extent, strong acid environments; they are also 
susceptible to hydrolysis. 
Under favorable conditions the loss of strength of typical 
geosynthetics should be on the average about 30 percent in the first 10 
years. Because of their greater thickness, geogrids may exhibit a lower 
strength loss although this has not been verified. For separation and 
filtration applications, geosynthetics should have at least a 20 year life. 
For reinforcement applications, geosynthetic stiffness is the most important 
structural consideration. Limited observations indicate that some 
geosynthetics will become more brittle with time and actually increase in 
stiffness. Whether better reinforcement performance will result has not 
been demonstrated. The typical force developed in a geosynthetic used for 
aggregate base reinforcement of surfaced pavements should be less than about 
40 lbs/in. (7 kN/m). Most geosynthetics would initially be strong enough to 
undergo significant strength loss for at least 20 years before a tensile 
failure of the geosynthetic might become a problem for pavement 
reinforcement applications. Whether geosynthetics used for separation, 





The laboratory investigation and the sensitivity analyses indicate the 
following specific areas of base reinforcement which deserve further 
research: 
1. Prerutting. Prerutting a non-reinforced aggregate base 
appears to have the best overall potential of the 
methods studied for improving pavement performance. 
Prerutting in the large-scale experiments was found to 
be both effective and is also inexpensive. 
2. Low Quality Aggregate Base. The geosynthetic 
reinforcement of an unstabilized, low quality aggregate 
base appears to offer promise as one method for reducing 
permanent pavement deformation of pavements having thin 
asphalt surfacings. 
3. Weak Subgrade. Geosynthetic reinforcement of light 
pavement sections constructed on weak subgrades shows 
promise for reducing permanent deformations particularly 
in the subgrade; whether reinforcement of heavier 
sections will reduce permanent deformations needs to be 
further studied in the field. 
The recommendation is therefore made that an additional experimental 
investigation be conducted to further evaluate these three techniques for 
potentially improving pavement performance. This investigation should 
consist of carefully instrumented, full-scale field test sections. Geogrid 
reinforcement was found to perform better than a much stiffer woven 
geotextile. 	Therefore geogrid reinforcement is recommended as the primary 
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reinforcement for use in this study. A description of a proposed 
experimental plan for this study is presented in Appendix H. 
Separation/Filtration  
Important areas involving separation and filtration deserving further 
study are: 
1. Geosynthetic Durability. A very important need 
presently exists for conducting long-term durability 
tests on selected geosynthetics known to have good 
reinforcing properties. Such a study would be 
applicable to mechanically stabilized earth 
reinforcement applications in general. The 
geosynthetics used should be subjected to varying levels 
of stress and buried in several different carefully 
selected soil environments. Tests should run for at 
least 5 years and preferably 10 years. Soil 
environments to include in the experiment should be 
selected considering the degradation susceptibility of 
the polymers used in the study to specific environments. 
Properties to be evaluated as a function of time should 
include changes in geosynthetic strength, stiffness, 
ductility and chemical composition. 
Each geosynthetic product has a different 
susceptibility to environmental degradation, and a 
considerable amount of valuable information could be 
obtained from a long-term durability study of this type. 
2. Filtration. 	A formal study should be undertaken to 
evaluate the filtration characteristics of a range of 
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geotextiles when subjected to dynamic load and flowing 
water conditions likely to be encountered both beneath a 
pavement, and also at lateral edge drains. The tests 
should probably be performed in a triaxial cell by 
applying cyclic loads as water is passed through the 
sample. At least 10 6 load repetitions should be applied 
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